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ABSTRACT 
 
The use of reinforcing bar (rebar) anchored with resin is a common method of rock support in both 
hard and soft rock mining.  The average bond strength, or the load that the support can sustain for 
a linear length of bond to the rock, is typically determined through a series of pull tests.  The 
average value of bond strength varies widely, since it is dependent on in-situ rock properties and 
environment.  It is an important value because it allows mine engineers to select the appropriate 
length and pattern spacing of installation for the support.  When a stiff support, like resin-anchored 
rebar, is placed in a weak, soft material, such as potash, the average bond strength tends to be 
lower in magnitude than for a typical hard rock installation.   
 
This research was primarily aimed at determining the failure mechanism, in soft rock applications, 
by which the support loses adhesion and begins to fail by sliding.  Results of field pull testing 
determined that the resin-rock bond strength was the limiting factor controlling when adhesion 
loss occurred.  This study investigated how the bond strength may vary given a number of variables 
typically found in a potash mine environment.  Results reported from testing did not indicate 
variation in the bond strength of resin anchored rebar, significant for mining applications, given 
changes in resin cure time, vicinity to active mining areas, or the rock type to which the resin was 
adjacent.   
 
Using the results of laboratory and field testing, an equation was developed to estimate load on in-
situ resin anchored rebar given deformation measurements taken from the field.  This equation will 
help determine safe limits for fracture separations opening in the backs of potash drifts.  
Investigating the behaviour of resin anchored rebar in potash may lead to methods to improve bond 
strength and calculation of factors of safety for patterned ground support. 
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POTASH MINING DEFINITIONS 
Potash – for the purposes of this thesis refers to a rock made up of Halite (NaCl), various clays 
(insolubles), and at least 18-28% Sylvite (KCl).   
Salt – for the purposes of this thesis refers to a rock made up almost entirely of Halite (NaCl) with 
trace amounts of clays (insolubles) and a low (1-4%) content of Sylvite (KCl) 
Rebar – Reinforcing Bar, refers to a type of ground support in form of a black (uncoated) rebar 
with a forged bolt head and a slashed (angled) toe tip.  
Mechanical Bolt – refers to a straight steel bar, with a forged bolt head, that is anchored using 
only a mechanical wedge at the toe end of the bolt. 
Dywidag Bar – a type of threaded rebar ground support specifically made by Dywidag Systems 
International, a manufacturer of many types of ground support and mine supplies.  
Potash Opening – refers to a room/tunnel underground at a potash mine, most are 10 metres wide 
by 3 metres high and can be up to several kilometres in length.  
Back – the ceiling of an opening underground.  
Clay Seam – a thin deposit of clays (insolubles) that has been compacted into a hardened 
mudstone.  There are several of these seams that separate layers of halite and potash.  
Beams of Potash/Halite – used to describe the layers of halite or potash formed between clay 
seams.  Often referred to as beams because of the support they provide against in-situ ground 
stresses. 
Borer – a type of continuous mining machine that cuts the tunnel-like openings underground. 
Stress-Relief Mining – Mining technique where openings are cut in a spatially specific and timed 
pattern to sacrifice certain rooms to failure (collapse) in order to preserve other rooms in the 
pattern.  
Critical Bond Length: Length of resin bond which can sustain a load equal to the ultimate load 
(tensile capacity) of the rebar used.  
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NOTATION 
Ac(x) = Cross-sectional area of concrete 
As = Cross-sectional area of rebar 
Ch = Circumference of hole size used 
δ = Deformation measured at a separation in the field  
E = Young’s modulus 
εavg = Average elastic strain along the loaded length 
Ec(x) = Young’s modulus of concrete 
ec(x) = Contraction of concrete 
efs = Elongation of free length of steel (rebar) 
es(x) = Elongation of rebar 
Es = Young’s modulus of rebar 
εy  = Yield strain 
fc(x) = Compressive force in concrete 
lb = Effective bond length 
lf  = Free length of rebar  
ll = Loaded length 
lly = Yield load development length 
P = Applied load 
Pavg = Average load on rebar along the bonded length 
Pmax = Load on rebar at the location of the separation 
Py = Load required to yield rebar 
smax = Slip of rebar at the loaded end 
s(x) = Slip (deformation) of rebar at the loaded end  
σy = Yield strength 
T(x) = Load on the rebar at point, x, based on load distribution 
u = Average resin-rock bond strength 
x = Length along the bonded section  
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1. Introduction 
This research involves the investigation of the behaviour of fully bonded rebar installed to support 
openings in underground potash mines.  Understanding the bonded length of rebar required to 
mobilize the steel rebar yield strength and the link between potash deformation and rebar load are 
research goals which will aid in the design of stable ground support in potash mines.   
1.1.  Background  
1.1.1.  Geology & Stress Environment 
Potash in Saskatchewan is found in the Prairie Evaporite Formation that was deposited in the 
Middle Devonian time period approximately 400 Million years ago.  Figure 1.1 shows the massive 
evaporite deposit that reaches thicknesses of 150 metres (500 feet) at some points.  It is the result 
of an inland sea that stretched from Peace River Alberta to the Red River area in Manitoba.  The 
arid climate during this time period caused “extreme desiccation and repetitive precipitation of 
potassium and magnesium salts in halite at the south-eastern extremity of the basin” (Worsley and 
Fuzesy, 1979).   
The Prairie Evaporite is underlain by the Winnipegosis Formation, a carbonate formation dotted 
with mound-like formations.  The mounds are associated with the subsidence of the Prairie 
Evaporite.  Dissolution in the Prairie Evaporite around the margins of the mounds is present and 
was caused by the release of water during mound compaction (Gendzwill and Wilson, 1987).  
These mounds are problematic in mining because they cause highly variable geology, often with 
weak strength characteristics, presenting a challenge for ground support. 
Lying above the Prairie Evaporite is the Dawson Bay Formation.  This formation is marked by 
coloured mudstones (Holter, 1969), and is important in regards to potash mining because its higher 
strength is able to accommodate the increased stresses created by the removal of the potash.  Since 
the Dawson Bay Formation can be water-bearing, and potash is soluble, it is critical that this 
formation stay intact to prevent the flow of water downward.   
Saskatchewan potash mines are located in high stress environments, with relatively weak rock.  
Potash in this region of the world is typically mined on horizons nearly 1 kilometre deep.  In-situ 
stresses are approximated to be lithostatic and equivalent to the weight of the overlying strata (~25 
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MPa) (Ong, 2005).  These conditions can lead to shear and dilation along horizontal clay layers 
located above the drift backs (Figure 1.2).  These movements can create blocks or detached beams 
that require support for safe access.  Support is not installed to prevent the stress-driven shear and 
dilational deformation from occurring, but rather to support the weight of these detached beams or 
blocks in drift backs.   
 
 
Figure 1.1 Cross-section of the prairie evaporite and surrounding formations (Fuzesy, 1982) 
 
 
Figure 1.2 Clay seams allow shear deformation to occur readily (Hills, 2005) 
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1.1.2. Soft Rock Support Methods 
In general, rock support consists of reinforcing and retaining elements that serve different 
functions (Potvin and Hadjigeorgiou, 2000).  Reinforcing elements, such as rock bolts, are installed 
in the rock mass to initially prevent movement along discontinuities.  Retaining elements, such as 
mesh, hold up the dead weight of loose rock.  This study specifically investigates reinforcing bar 
(rebar), a type of rock bolt.  These consist of a rebar with a plate secured by a nut or forged bolt 
head, installed flush to the back, and an anchoring product such as cement or resin (Figure 1.3).  
The three materials: rock, resin, and rebar acting together can be referred to as a support system.  
Rebar creates thick, stiff beams by connecting layers of rock salt separated by clay seams.  In 
addition, the rebar suspends separate layers into thicker, more competent beams in the back (Figure 
1.4).  Rebar is commonly used as support when openings are required to remain open in the long 
term and/or when shear deformation is occurring in the surrounding rock.  Rebar is selected in 
these cases because it is anchored to the rock along the entire length, resulting in less axial and 
shear strain in comparison with mechanical bolts which are free to strain along their entire length 
(Figure 1.5).  Figure 1.6 illustrates how both tension and shear displacements can occur next to 
support in potash mines along the separations created by the clay seams.  
 
Figure 1.3 Rebar bolt schematic 
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Figure 1.4 Suspension and pinning functions of internal rock support (Lovlin, 2006) 
 
 
Figure 1.5 Mechanical bolt anchored using wedge and bolt plate 
Mechanical Bolts are free to 
elongate along a longer length 
resulting in less resistance to 
axial and shear displacements 
in the rock 
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Figure 1.6 Examples loading scenarios found in potash mining: (a) Axial, and (b) Shear  
 
1.1.3. Effects of Potash Mining on Rebar Bolts 
Potash can be mined using stress-relief patterns that are designed to deflect stress out and away 
from central openings.  This method is common in the Saskatoon area potash mines in 
Saskatchewan which mine on the Patience Lake Member of the Prairie Evaporate shown in Figure 
1.1.  Individual openings are cut in a specific order, with the intention that the initial openings will 
deform and can later fail when in-situ stress surpasses the ultimate strength of the rock.  Once 
failed, stress is deflected upwards, as shown in Figure 1.7.  The stress deflection protects the central 
openings where the workers regularly travel.  Over time, horizontal stress will migrate upwards 
towards the Dawson Bay Limestone, preferentially increasing stress in the rocks that are stiffer 
(higher Young’s modulus).  Rebar installed in the potash mines can be near mining faces where 
they will be subjected to large changes in confining pressure due to stress re-distribution.  Ground 
movement rates near active faces are typically near 3 mm/day immediately after openings are 
made. In comparison, areas of a mine that are 100+ days old typically have steady ground 
movement rates of 0.3 mm/day (Hills, 2005).  Areas which are more than 300 metres away from 
an active face will not feel the effects from the current mining (Mackintosh, 1977). 
The material that rebar is anchored into in potash mines varies due to geologic anomalies and 
support length.  This varied anchoring material could have an effect on the average bond strength 
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provided by the support system.  Bond strength defines the resistance to slip along a unit length or 
unit surface area.  To coincide with mining terminology, convenient units for bond strength are 
kN per metre, or the more commonly used mass equivalent, tonnes per metre (Hutchinson and 
Diederichs, 1996).  It has been shown previously that rocks with a lower Young’s Modulus provide 
less confinement to the support (Meadows, 1999; Stimpson, 1987a).  This relation between 
average bond strength and the stiffness of the surrounding material is shown in a graph created by 
DSI for their Dywidag bolts (Figure 1.8).  The slope of each line represents bond strength in terms 
of kN/m in Figure 1.8. The DSI graph shows that stiffer rocks, like granite, require less bonded 
length to sustain the same loads than softer rocks like mudstone.  
Shear and normal deformation of potash may continue after rebar is installed.  Rebar is fully 
bonded (embedded) to the rock along the length of the rebar and is only loaded by deformation of 
the surrounding rock mass.  This deformation may occur as strain within the intact rock caused by 
the dilation of cracks in the rock mass along the rebar.  When deformation of the potash occurs at 
the location of a supported crack or fracture (separation), the load associated with this deformation 
is transferred along a bonded length of the installed rebar.  This is common in potash mines where 
several clay seams are present above openings.  For given steel rebar stiffness, the magnitude of 
the deformation and the length of bonded rebar (bond length) that deforms determines the load on 
the rebar.  When sufficient deformation occurs for the support to reach its failure load, the length 
of the bonded support that deforms is called the critical bond length. 
Loading can be distributed along a rebar due to strain distributed through the rock, or can be 
concentrated at discontinuities in the rock mass.  This study considers localised deformation at 
discontinuities where loading and deformation initiate at the point where rock separates along the 
rebar.  Detecting deformation along the bonded portion of the bolt based on inspecting the collar 
is not feasible.  Personnel at the mine cannot detect the separations opening up by observing the 
rebar and plate (Figure 1.9) and do not have a method to estimate the current load on rebar based 
on fracture separation measured in empty holes next to the rebar.  Separations occurring along 
discrete layers can eventually approach the deformation capacity of the installed support.  When 
this occurs, re-supporting of the area (installing more rebar) is required to maintain safe access.    
The potash mining industry would benefit from attaining a reliable data set to define the average 
bond strength available and the failure mechanism which governs the capacity of this type of 
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support.  Defining the bond strength and failure mechanism of this type of support would allow 
for improved ground support design.  With the properties of the rebar and average bond strength 
defined, an estimate could be made of the load on the support based on deformation.   
 
Figure 1.7 Stress relief 
 
 
Figure 1.8 Bond strength relationship with rock stiffness after DSI (2009) 
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Figure 1.9 Visual inspection of rebar heads, looking up at potash back 
1.2. Objectives of Research 
The primary objective of this research project is as follows:  
 To identify potential failure mechanisms of resin anchored rebar in potash.  This will define 
what variables mine engineers can work with to improve ground support design. 
Sub-Objectives include the following: 
 To measure the variability of the average bond strength of rebar found in the field, due to 
variable mining conditions and environment.  This will identify if there are variables which 
may have the potential to alter the expected capacity of the system; 
 To use average bond strength values found in the field, in conjunction with the mechanical 
properties of the rebar, rock, and/or resin, to develop an equation to approximate the load 
on resin anchored rebar supports given measured deformations from the field. 
1.3. Scope and Methodology 
Determining the failure mechanism and the variable bond strength of the resin-anchored rebar 
support in potash mines in this research project was based on results from both laboratory tests 
and field tests.  The approach involved conducting a number of laboratory tests to define the 
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mechanical properties of the rebar used, as well as properties of the rock surrounding the support.  
In the field, there was a large number of pull tests conducted to define the average bond strength 
for a range of variables.  The results were analyzed to find the support failure mechanism.   
The range of variables considered included the rock type that the rebar was installed in and the 
distance to the advancing mining face.  Resin epoxy cure time effects were investigated by 
conducting tests over a period of time.  This project does not include an evaluation of different 
rebar or resin products and only used the products currently stocked at the Allan mine.  Measuring 
the time-dependent properties of potash and/or halite are out of scope for this project, but the 
researcher is mindful of their potential significance.  Quantification of the elastic properties of the 
materials used, and the bond strength of the support in the field, was based on laboratory testing 
and data from the literature. 
1.4. Outline of Thesis 
The following is an outline of the chapters, including a brief summary, included in this thesis.   
 Chapter 2. Literature Review: Includes previously completed, relevant research to 
supplement and/or aid in the testing methodology development and analysis of 
results.   
 Chapter 3. Laboratory Testing: Includes more detailed accounts of each 
laboratory test conducted and a summary of the results. 
 Chapter 4. Field Testing:  Includes a detailed description of the field testing 
completed, data reduction methods and a summary of the results. 
 Chapter 5. Discussion of the Results: Includes an interpretation of the results and 
discusses the significance of the findings.  
 Chapter 6. Conclusions and Future Work Recommendations:  Summarizes the 
results and makes suggestions for continuing research on resin anchored rebar in 
potash.   
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2. Literature Review 
There has been significant work that has been conducted that investigated post-installed resin 
anchored rebar in structural engineering.  Post-installed rebar involves drilling holes into pre-
existing concrete structures and installing rebar with an adhesive resin anchor.  This process is 
similar to the process of installing rebar in the mining environment.  There are many examples in 
mining literature which include research pertaining to resin anchored rebar, although very few 
which are specific to potash mines. 
This review focuses on literature with both field and laboratory components in order to aid in the 
development of the testing program conducted as part of this research project.  In particular, civil 
engineering literature will be used to develop a laboratory pull test procedure, as this type of testing 
is done extensively in structural engineering studies.  Geotechnical and mining literature is 
reviewed to establish the influence that rock mass properties have on rebar installed using resin. 
2.1. Potash Rock Mechanical Properties Literature 
The properties of potash are important to understand when conducting research on resin anchored 
rebar because load is transferred from the bonded portion of the rebar into the potash.  The 
effectiveness of rebar as ground support is based on the minimum strength properties and 
deformation properties of the rebar and rock, as well as the rock/resin and resin/rebar interfaces. 
Understanding how the rock will behave under certain loads is important in estimating deformation 
that may take place during the testing.  
Potash or sylvinite is a combination of potassium salt (KCl) and common halite (NaCl) (Fuzesy, 
1982).  Potash mines in Saskatchewan are comprised of layers of potash, halite, and clay.  Potash 
layers refer to the beds with both sylvite (KCl) and halite (NaCl) and visible amounts of insoluble 
minerals (clays). Halite layers refer to beds only containing halite and a traceable amount of clay. 
Clay refers to beds, or seams, made up of several insoluble minerals. It is this mixture of materials 
that creates a rock mass with complex mechanical properties.  Due to the complex mechanical 
behaviour of the rock, it has been more common to use empirical methods, rather than 
mathematical modelling, to predict behaviour in potash mines (Mackintosh, 1975). 
In the potash rock itself, crystals of halite and sylvite are often coated in insolubles (clay particles) 
so the behaviour of all three of these materials in combination governs the behaviour of the rock.  
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Duncan and Lajtai’s 1993 study on the creep behaviour of potash rocks from Saskatchewan gives 
some of the best insights into how the material behaves and the following discussion is based on 
this paper.  The elastic limit of potash could be defined as 0 MPa since, as soon as load is applied, 
the clay particles between the larger crystals begin to deform plastically.  However, the elastic 
limit of the rock is defined typically at approximately 10 MPa since this is the load at which the 
larger sylvite and halite crystals begin to deform plastically.  Figure 2.1 shows a typical stress-
strain curve for potash.  Each curve represents either the lateral, volumetric, or axial strain 
response.  Labelled in Figure 2.1 are points which define yield stress, crack initiation and crack 
damage.  In the plastic deformation range (above the yield stress point), potash will exhibit micro-
cracking, a brittle behaviour, as well as time dependent creep deformation.  Steady state creep 
allows potash rocks to maintain constant loads with a steady rate of deformation over long periods 
of time. 
Strain rates and the magnitude of the applied load affect the behaviour of potash as shown in the 
stress versus volumetric strain curve in Figure 2.2.  Positive strain in both Figure 2.1 and 2.2 
indicates compression while negative strain indicates expansion.  The point at which crack damage 
(dilatancy) becomes the dominant process, leading to failure of the rock, can vary greatly given 
the rate of strain on the potash.  As shown by dots on the figure, loading the potash at high strain 
rates (25 µε/s) can lower the point where brittle failure begins to occur to 6 MPa as opposed to 
being approximately 24 MPa at slow strain rates (1.1µε/s).   This chart shows that straining the 
potash slowly (0.035 µε/s) will result in the rock not displaying brittle deformation, and lower 
stresses at ultimate conditions.  
Load on the rebar support, transferred from deformation of the intact potash, is not considered in 
this research.  Failure of the potash as part of the rock/resin/rebar support system is a consideration 
in this research.  
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Figure 2.1 Typical stress-strain curve for potash after Duncan and Lajtai, 1993 
 
Figure 2.2 Effect of loading rate on potash failure point after Duncan and Lajtai, 1993 
Brittle Behaviour 
(Cracking) Begins 
Brittle Behaviour 
(Cracking) Begins 
No Brittle Behaviour: 
Lower Uniaxial Stress Level 
Lateral Strain Response Volumetric Strain Response 
Axial Strain 
Response 
Crack Damage 
Crack Initiation 
Yield Stress
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The complex properties of potash are important to understanding rebar support behaviour.  For 
example, any normal compressive loads applied to the rock that exceed the elastic limit of 10 MPa 
will be important to note, as this is when time-dependent creep behaviour, and brittle cracking 
becomes substantial (Duncan and Lajtai, 1993).  
As shown in Figure 2.2, the behaviour of potash is affected by the rate at which it is strained.  This 
is relevant to the laboratory testing that was conducted as part of this research.  The properties of 
the rock measured in the laboratory will not necessarily reflect the properties of the rock in the 
field since strain rates in the field are not replicated in the laboratory testing.  Strength values in 
the field may therefore be lower than laboratory tests due to lower strain rates found in-situ.   
2.2. Structural Engineering Literature for Post-Installed Rebar Subject to 
Tensile Loading 
As mentioned previously, the use of post-installed resin anchored rebar has been the subject of 
study in structural engineering.  Post-installed refers to the case where holes are drilled into an 
existing structure (generally concrete) and rebar is anchored using an adhesive anchor (resin).  This 
process is common when additions are made onto previously built concrete structures.  In the 
mining environment, holes are drilled into rock and then rebar is placed and anchored using resin.  
These two activities are not dissimilar, and therefore literature from the structural engineering 
discipline is important.  This section highlights research completed in structural engineering 
relevant to this research project.  
Cook (1993) studied the failure mechanisms of post-installed rebar anchored with chemical 
bonding agents (i.e. resin).  In this study, Cook determined resin anchored rebar systems have 
constant deformation up to a yield load (for the system), which is dependent on the type of anchor 
material, embedded length, rebar diameter and hole size.  However, beyond the yield load, the 
rebar/resin anchor system’s behaviour was erratic and could not be defined as strain hardening or 
softening. The erratic behaviour was caused by the resin bond deteriorating between the rebar, 
resin, and the concrete which caused variable mechanical interlock (friction) once adhesion was 
destroyed.  
Cook (1993) also observed that the elastic limit (bond strength) of the rebar system, which includes 
the surrounding resin, did not vary if the rebar was fully bonded along its length or if it was partially 
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bonded (i.e. the rebar was not bonded to the concrete in the immediate vicinity of the bolt plate).  
When a force is applied at the bolt plate, only the resin nearest to the bolt plate is loaded. That is, 
the resin further into the hole is unaffected.  If bond strength of a fully bonded rebar had differed 
from a partially bonded rebar, it would infer that the strength of the concrete had added to the 
strength of the rebar and resin anchor system.  Cook’s study determined that the strength of the 
concrete has negligible contribution to the strength of the reinforcement.  In more recent literature, 
it was determined that the tensile strength of the surrounding concrete has an effect when 
embedment lengths are short (i.e. less than a metre) (Bargahr and Vogel, 2004).   
Cook and Conz (2001) studied a number of factors that could influence bond strength of chemical 
adhesive anchors by pull-testing rebar installed with various types of resin.  Pull testing consisted 
of attaching a hydraulic ram to the free end of the rebar bolt and pulling it out of the concrete in 
which it was installed.  Baseline comparisons were made to find the effect of various factors.  
Elevated temperature was shown to be a factor with highly variable effects.  While some types of 
chemical anchors showed an increase in strength, others showed dramatic decreases in bond 
strength when tested at a higher operating temperature: 43oC was used as the high operating 
temperature in these tests.  The compressive strength of concrete was found to be a factor with 
little effect on the average bond strength.  Factors such as having a damp condition in the drill hole 
reduced bond strength by 77% on average for all products.   
Structural engineering investigations of post-installed anchors focused primarily on maximizing 
the effectiveness of the bond over shorter lengths.  This is because it is not always possible or 
feasible to drill long holes for rehabilitation and expansion projects.  As a result, the focus is on 
the possibility of the concrete failing in tension as this is more likely to occur with shorter 
embedment lengths close to a free face (Bargahr and Vogel, 2004).  In mining this is not a likely 
scenario as rebar are typically embedded for lengths of 1.2 to 3 metres.  As well, concrete structures 
and the rebar within them in structural engineering applications, are typically not exposed to the 
high confining stress regularly found in a mining environment.  While this section provides some 
insight into the types of factors that can influence the strength of rebar anchored with resin, it is 
important to be aware of the differences between testing environments.   
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2.3. Mining Engineering Literature on Rebar Subject to Tensile Loading 
Van Ooteghem (1982) conducted pull tests on different types of rebar anchored with resin at what 
was then the Cominco mine (Agrium’s Vanscoy mine now).  The purpose of the testing was to 
make a comparison between the forged head rebar and a threaded end rebar.  A total of 20 tests 
were completed, 12 of which were 25 mm diameter forged head rebar, the same type of rebar used 
at the Allan mine currently.  Cominco was using 1.8 metre lengths of rebar rather than 2.4 metre 
lengths which are used at the Allan mine.   
Testing at Cominco by Van Ooteghem included results where only the load applied versus the 
duration of the test was recorded and no deformation measurements were taken.  Van Ooteghem 
varied the amount of resin placed in the hole, which controls the bond length between the rebar 
and the rock.  Van Ooteghem recorded the load resisted by the rebar before either the ultimate 
capacity of the steel was reached resulting in a broken rebar, or the rebar “pulled from the hole.”  
Without any deformation measurements, it is unclear what amount of deformation would define 
when the rebar had pulled from the hole or if this really did indicate that the rebar had completely 
pulled free.  Out of the 12 tests involving the forged head rebar, 2 tests failed to give any results, 
7 tests reached the ultimate strength of the steel and broke the rebar, and 3 tests resulted in 
“anchorage loss.”  The average bond strength found from these three tests was reported as 35.7 
tonnes/metre. 
The testing carried out by Van Ooteghem is typical of what has been previously completed in 
potash mines.  The testing was not detailed with respect to the behaviour of resin anchored rebar, 
but rather a check of the performance of a small number of tests in order to provide a means to 
compare different products available.  The small number of tests and the lack of definition of what 
constituted anchorage loss provides little insight into what variables may be important to the 
performance of this support system in potash mines.   
Kuchling (1987) studied the bond strength of resin anchored rebar in potash at the Mosaic K-1 
mine in southeast Saskatchewan.  At the time, the mine was using 25 mm diameter, forged head 
rebar, anchored with 1 to 1.27 metres of resin.  The purpose of Kuchling’s research was to 
determine whether this length of resin anchoring was enough to allow the rebar to provide safe 
working conditions for the miners.   
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Table 2.1 shows the data from pull testing conducted by Kuchling.  The results showed an average 
bond strength of 74.9 tonnes/metre (735 kN/metre). The steel used in the rebar had a breaking 
strength of 620 MPa and the rebar had an ultimate load capacity of 31 tonnes.  This meant that the 
critical bond length of resin, or in other words, the bond length with the same failure load as the 
rebar tensile load capacity, was a minimum of 0.41 metres.  The failure mode in Table 2.1 shows 
that when the bond length is less than the critical bond length, the rebar will pull out of the hole.  
When there is enough resin to supply a bonded length longer than the critical bond length, the 
rebar will fail by breaking before the resin anchor fails. Therefore, Kuchling established that the 
length of resin being used was beyond that required.  However, this extra length of resin is the 
result of requiring a factor of safety which accounts for the uncertainty when installing resin 
anchored rebar.  Uncertainties can include many factors in the quality of installation such as 
whether the resin stays in place during installation or forms a good bond with the rock and rebar 
(Villaescusa et al., 2008). 
The work conducted by Kuchling was done at the Mosaic K-1 potash mine, where shearing is not 
a concern due to the large halite bed above the back.  As shown in Figure 2.3, PCS Rocanville, 
which is in the southeast of Saskatchewan like Mosaic K-1, does not have these clay seams which 
are prone to shear failure.  Kuchling did not investigate the effects related to Young’s modulus of 
the rock surrounding the rebar support, possibly due to the lack of variable lithology in the area.  
It is also unclear how Kuchling ensured that the resin stayed at the top of the hole when only one-
half, one, or two cartridges of resin were used.  This could have led to poor installation quality 
which may have played a role in the rebar pulling out of the hole.   
Kuchling’s data shows that only four tests were completed and appeared to measure only load 
during the testing process and not deformation.  Testing carried out by Kuchling was only intended 
to serve as a quality control check on current practices.  As per Van Ooteghem’s testing, Kuchling 
only varied the amount of resin used to anchor the rebar.  Tests like these do not define the failure 
mechanism or identify any specific variable that may help to improve the anchorage.  Kuchling’s 
data shows an average bond strength twice that of the 35.7 tonnes/metre found by Van Ooteghem.  
It is possible that Kuchling calculated his anchorage strength based on the peak load reached during 
the test and Van Ooteghem based his on the load at which anchorage loss began to occur.  The 
geology which the rebar was anchored to is also not stated in either case and this may have had an 
  
 
17 
  
influence.  Since neither of these papers detail the method used to calculate the average bond 
strength, it is difficult to assess the large difference in results. 
 
Table 2.1 Pull test results from Mosaic K-1 after Kuchling (1987) 
Resin Packages Resin Anchor 
Length (m) 
Rebar Bolt 
Load (tonnes) 
Load per 
Length 
(tonnes/m) 
Failure Mode 
0.5 0.216 15.7 72.7 Pulled Out 
1 0.396 30.6 77.3 Pulled Out 
2 0.762 32.3 - Bolt Failed 
2 0.762 34.3 - Bolt Failed 
  
 
 
Figure 2.3 Geological differences between Saskatoon area mines and southeastern mines after Jones and Prugger (1982) : 
(a) Cominco, and (b) PCS Rocanville 
 
 
Several Clay 
Bands Present 
Directly above 
Mining Horizon 
(a) (b) 
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Stimpson (1994) wrote an overview on rock bolting and reinforcement.  In this overview it is stated 
that the load transfer performance of resin anchored rebar depends on the shear stress capacity of 
the two interfaces between both the resin and rock and the resin and rebar surfaces.  The interface 
shear strength is determined by several factors including but not limited to: bolt diameter, hole 
size, confinement, rock strength, resin strength, installation procedures, and the mechanical 
properties of the rebar.  This implies that these variables may be important to identify, test, or 
control in field and laboratory testing when trying to identify the failure mechanism of resin 
anchored rebar.  
Mark et al. (2002) investigated pull testing done on fully embedded (with resin) rebar in U.S. coal 
mines.  The researchers stated that standard pull tests cannot be done on rebar that are anchored 
for their entire length because pull testing would only test the ultimate strength of the rebar itself 
because the loading at the bolt plate seldom extends more than 0.46-0.61 metres (18-24 inches) up 
the resin column.  This is because resin anchors are very strong and capable of handling several 
tens of tonnes of load per metre of bond, while a 25mm diameter rebar, for example, may have an 
ultimate load capacity in the range of 30 tonnes.  The pull testing therefore reaches the ultimate 
capacity of the bolt when a relatively short length of the resin anchor is loaded.  The bolt therefore 
breaks.  This provides little or no useful information on the strength of the resin anchor and average 
bond strength.  This test would indicate whether the resin anchor near the bolt plate is of good 
quality but gives no indication with respect to the remaining resin located further away from the 
bolt plate.   
In order to test the quality of the resin anchor and not the ultimate capacity of the bolt, the short 
encapsulation pull test (SEPT) methodology was used by Mark et al. (2002).  SEPT is a pull test 
where only the top 0.3 metres (12 inches) of the bolt is anchored with resin (0.3 metres at the end 
furthest from the free face).  Pull testing over this short length provides information on the 
effectiveness of the bond between the resin and rock.  The quality of the bond is measured by 
calculating the load applied per length of resin bond.  It was observed that rocks with lower 
strengths typically had poorer bond strength per resin anchor length. Therefore, weaker rocks need 
longer resin anchor lengths to achieve the same anchorage strength as stronger rocks.  
Mark et al. (2002) suggested that because resin anchors resist slipping using mechanical interlock 
and not adhesion, steps can be taken to improve the performance of resin anchored bolts.  
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Mechanical interlock rather than adhesion means that the strength of the bond is a result of 
frictional forces due to the irregular surfaces of both the rock and rebar.  Holes with rougher edges 
improve the frictional resistance, which prevents the bolt from pulling out of the hole.  It may be 
true that, once the bond between either the resin/rebar or resin/rock surface is broken, mechanical 
interlock would provide additional strength; however, before the bond is broken, adhesion between 
the surfaces involved would have a significant role in providing anchorage.  Mark et al. (2002) 
disregarded the role of adhesion by focusing on the mechanical interlock which would be present 
once the adhesion has been destroyed.   
Mark et al. (2002) collected information from other studies conducted across the United States, 
and did not actually conduct pull testing.  The report does not indicate what different types of resin 
might have been used in the findings of the bond strengths.  When mechanical interlock is 
discussed as the failure mechanism for resin anchored rebar, there is no mention of whether this 
would vary given the type of rock.  It could be postulated that weak and strong rock settings may 
have different failure mechanisms present; however, Mark et al. (2002) does not discuss this.  
A study completed by Villaescusa et al. (2008) discusses problems which can occur during the 
installation of resin anchored rebar that have an effect on the anchorage provided.  With a smaller 
annulus size, problems with poor resin mixing and the resin cartridge’s plastic wrapper remaining 
intact to tangle around the rebar bolt can be reduced.  A smaller annulus size ensures that the rebar 
will be encapsulated by resin and air will be removed, leaving no gaps which would form if a large 
volume is available for the resin to mix in.  A larger annulus size provides too much room and 
prevents vigorous mixing, resulting in the cartridge wrapper remaining intact, and the development 
of air gaps entrained within the resin.  Proper mixing of the resin and destruction of the wrapper 
from the resin cartridge ensures good contact between the resin anchor, the rock, and the rebar.   
Confining stresses present were not investigated in field testing as a variable affecting the 
anchorage, though Stimpson (1994) indicated these stresses as a variable affecting the performance 
of resin anchored rebar.  If the bonded length of the rebar is near the surface of the opening there 
would be less confinement.  This may reduce the role of the rock’s compressive strength in 
influencing the results.   
  
 
20 
  
The location of the rebar in the mine was also not mentioned in previous studies.  Large 
concentrations of horizontal stresses immediately above or below openings recently made would 
provide a squeezing effect surrounding the installed rebar.  Figure 2.4 shows the orientation of 
horizontal stresses concentrating above a newer opening (Figure 2.4(a)) and an older opening 
(Figure 2.4(b)).  In the older opening, stress has had time to dissipate and the magnitude of 
horizontal stresses directly above the openings is less than immediately after the opening was 
made.  Larger magnitudes of horizontal stress directly above the opening may increase the 
frictional bond between the rock, resin, and rebar when mechanical interlock is providing 
anchorage.  For this reason, areas of a mine that are in virgin ground may be able to provide better 
anchorage, reaching higher peak loads, than areas in a mine which have been open for long periods 
of time and no longer have large amounts of stress concentrated around them.  
Literature related to field pull tests completed on rebar in potash and other soft-rock type mines 
lacks the detail to define how bond strength is influenced by variables that exist within the mining 
environment.  The literature found showed pull testing results completed more as a quick check of 
the anchorage being provided in one area or another in a mine.  Completing enough pull tests to 
determine the failure mechanism and define how bond strength may vary is likely too time-
consuming for many engineering departments to undertake along with other daily obligations.  
Figure 2.5 shows typical data output from a pull test completed by Van Ooteghem (1982).  Without 
any deformation recorded, the focus is the maximum load reached during the test.  Defining where 
the bond between surfaces fails (when adhesion is destroyed) requires deformation measurements 
and testing with bond lengths that will ensure bond failure before steel yield or failure.  This 
research project will fill in missing information concerning resin anchored rebar performance in 
various environments found in potash mines.   
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Figure 2.4 Field stress surrounding rebar in both (a) New, and (b) Old openings 
 
 
 
 
Figure 2.5 Pull test data output (Van Ooteghem, 1982) 
2.4 Laboratory/Analytical Studies with Combined Shear and Tensile 
Loading 
Stimpson (1987a) conducted an analytical study, using classical beam theory equations, to 
determine the shear stiffness of resin anchored rebar in layered strata.  According to this study, 
grouted bolts installed across discontinuities can limit the interlayer slip due to their inherent shear 
stiffness.  Variables such as separation or aperture thickness, inclination of bolt to separation, and 
the moduli of surrounding materials were included in the model and the following general 
relationships were determined: 
(a) (b)
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 Larger bolt diameters are stiffer; 
 Stiffer rock allows for greater shear resistance per shear deformation magnitude from 
the bolts; 
 The modulus of elasticity of the grout (resin) does not have a significant effect on the 
shear resistance. 
Stimpson (1987b) also studied the effects of the position of rebar, across the width of an opening, 
in order to prevent shear and tensile deformation.  He found that rebar in the centre of the opening 
are subject to tension alone and have increasing components of shear as they are placed closer to 
the abutments (pillars) on either side.  His results showed that when rebar are placed at a distance 
of 20% of the total span away from the abutment, they optimally decreased the amount of shear 
deformation.  Therefore, rebar spacing will impact how the bolts resist movement.   
No in-situ testing was done to confirm the analytical results in these two studies by Stimpson.  The 
optimization of the position of the rebar was done through computer modelling.  As well, Stimpson 
used elastic beam theory for stress-analysis and did not state how effects found due to the variable 
composition and strength of natural rock and associated geological anomalies would affect the 
analysis.  Inherent variation of geological materials could be accounted for through extensive field 
testing.   
Cable bolts, made up of seven steel strands wound together, are used in hard rock mining 
applications to suspend layers of rock.  Cable bolts, similar to rebar, are typically inserted in pre-
drilled holes and grouted with cement or resin.  Cable bolt deformation behaviour has been 
previously studied under combined loading (shear and tension) conditions.  Reviewing literature 
on cable bolts provides insight on how deformation and loading may occur in rebar in this 
combined loading condition. 
Dube (1995) performed testing on cable bolts subjected to both tensile and shear loading in 
combination.  He found that with an increased magnitude of shear, the bond strength increased due 
to more frictional resistance from the bending cable bolts and crushing of the cement grout.  In 
other words, the cable was more resistant to pulling out once it was bent at a separation 
experiencing shear displacement.  The bond strength increased due to the mechanical interlock 
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provided by the bending, but the capacity of the cable bolt was compromised by the combined 
loading and would break at a lower load applied at the collar.  
There are two methods found in the literature for testing rock support such as cable bolts or rebar 
while they are subject to a combination of tension and shear forces.  One method involves 
confining the cable or rebar using blocks of rock while the second method uses steel cylinders 
surrounding the bolts to provide confinement.  Schematics of both are shown in Figure 2.6.  
Stillborg (1984) used one method where continuous cable bolts were grouted into two separate 
granite blocks.  The granite blocks were then pulled apart axially while being moved laterally in 
opposite directions.  Difficulty in testing was encountered for these specimens because of failure 
developing in the granite blocks before the cable bolts failed (Stillborg, 1984). 
Dube (1995) used an apparatus where a single cable bolt was grouted into two separated steel 
cylinders to simulate the cable bolt being anchored into sections of rock moving relative to each 
other.  Previously, blocks of rock, rather than confining tubes, were thought to be preferable for 
the experiment for more realistic confinement and borehole wall conditions.  The rock would be 
softer and crush when the cable bolt contacts it at higher applied loads.  The confining steel 
cylinders were stronger and did not deform.  Stillborg (1984) explains that since blocks of rock in 
the laboratory do not replicate the confinement provided by a surrounding body of rock in the field, 
the dilation around the cables during pull out often caused the surrounding rock to fail in tension.  
The use of strong steel cylinders in the laboratory by Dube (1995) did not replicate the borehole 
wall deformation that would occur in the field.  Steel cylinders, however, were able to provide 
improved confinement to the cable bolt and grout compared to the blocks of rock so that 
deformation and loading behaviour of the cable bolt could be tested under conditions close to that 
of the field.  The method involving steel cylinders proved to be more successful in gathering data 
from the laboratory testing.  
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Figure 2.6 Schematics of testing methods used by: (a) Stillborg (1984) and (b) Dube (1995) 
2.5 Literature Defining Load Distribution along Resin Anchored Rebar  
The typical load versus deformation behaviour of a resin anchored rebar can be seen in Figure 2.7 
(Cook, 1993).  Cook explains that the bonded anchor system loads linearly up to an elastic limit, 
which may be less than or equal to the yield strength of the rebar (Figure 2.7).  The elastic limit of 
the anchor system is less than the yield strength of the rebar when the bond strength fails before 
the yield strength of the rebar is exceeded.  Beyond the elastic limit of the anchor system, the 
adhesion which existed between the resin/rebar or resin/rock contact surfaces has been destroyed 
and the strength of the anchor becomes dependent on the mechanical friction available and 
behaviour becomes unpredictable and erratic.  Defining this elastic limit or load when sliding 
begins has not been previously accomplished with pull test data from potash mines, as reviewed 
in Section 2.3.  Since strength provided by the mechanical interlock can be variable, the load used 
to calculate average bond strength may be more appropriately defined by the load that exists at 
this elastic limit when sliding of the rebar system begins.  This sliding may be rebar sliding out of 
the epoxy or the epoxy and rebar sliding out of the hole in the rock.  
 
(a) (b)
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Figure 2.7 Example showing loading behaviour both before and beyond the elastic limit (Cook, 1993) 
In order to define the loading behaviour before this elastic limit is exceeded, Cook (1993) described 
two bond models for adhesive anchors: the uniform bond-stress model and the elastic bond-stress 
model.  Figure 2.8 displays the distribution of the bond (shear) stress assumed by both models 
along an anchored rebar.  The uniform bond-stress model is simplistic and defines the capacity of 
the anchor by using a uniform bond stress present on the adhesive anchor.  The uniform bond stress 
is determined by taking the load at the elastic limit and dividing it by the surface area of the anchor.  
This assumes an average bond stress exists across the entire adhesive anchor length at all loads 
low enough to have not yet exceeded the capacity of the adhesion.  This simplifies the load 
distribution along the bonded portion of the rebar.   
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Figure 2.8 Uniform and Elastic Bond-Stress Models from Cook (1993) 
The elastic bond stress model is similar, but instead of a constant bond stress, a maximum bond 
stress value is determined followed by a decrease in bond stress.  Cook (1993) states that the elastic 
model, based on ‘rational analysis’, defines the bond stress decrease along the bonded portion, as 
a hyperbolic tangent function.  The bond stress is at a maximum where load is being transferred 
from the anchor to the rock/concrete surface across an intact adhesive anchor (resin).  The bond 
stress decreases due to the anchor surface further from the applied load not yet being engaged to 
transfer load at lower loads.  It is acknowledged in the elastic model that the load distribution along 
the adhesive anchor is not linear.  The load at any point along the length of the anchor will depend 
on the load transfer characteristics of the adhesive anchor (average bond strength), and whether 
the adhesive bond still exists between all three materials which, in Cook’s case, was rebar, resin, 
and concrete.   
Li and Stillborg (1999) developed an analytical non-linear bond stress model for fully grouted rock 
bolts (rebar).  They state that when anchored rebar are placed under a tensile load, failure will 
occur either in the bolt-grout interface, the grout medium, or the grout-rock interface or in the bolt 
(rebar) itself.  Where this failure occurs depends on which one of these is weakest.  The load 
distribution along the bonded anchor is defined by the decoupling that occurs at an increasing 
distance from the loaded end of the bolt.  There are three components to the bond strength that 
control the decoupling: adhesion, mechanical interlock, and friction.   
Figure 2.9 shows the distribution of bond stress along a fully grouted rebar suggested by Li and 
Stillborg (1999).  Figure 2.9 is similar to a load deformation graph with the zero deformation point 
being at the right side of the graph (point 1).  As the deformation between the rock and the rebar 
increases, the bond stress of the system increases to point 2 (maximum bond stress).  Continued 
deformation, past the peak, moves the bond stress to the post peak range (point 2 to point 3) and 
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eventually only the residual bond stress is present (point 3 to point 4).  The bond stress then 
decreases to zero where both the shear and adhesive strength of the bond has been destroyed, close 
to the loaded end of the rebar (point 5).  Complete bond failure occurs when decoupling occurs 
over the entire bonded length.  This model is different from the models proposed by Cook (1993) 
in that the bond stress varies along the length of the support depending on whether decoupling has 
occurred or not.  It is a more complex function to more accurately determine the load distribution 
along a fully grouted rebar.   
Cook, Burtz and Ansley (2003) again discussed the uniform bond stress model previously 
described.  In this report, the uniform bond stress model is recommended where the embedment 
length of an adhesive anchor does not exceed 25 times the anchor diameter.  Within this 
embedment length range, the uniform stress model provides comparable results to other more 
complex models.  The average bond stress found from the uniform model was shown to result in 
less than 4% error, given the embedment length limit of 25 times the anchor diameter (McVay, 
Cook, and Krishnamurthy, 1996).  Use of this model greatly simplifies the process of defining the 
load distribution along resin anchored rebar.  
A comparison of Li and Stillborg’s model of load distribution with the simplistic uniform bond 
stress model is shown in Figure 2.10.  The use of the uniform bond stress model allows for an 
assumption that load decreases linearly along the bonded length.  In Figure 2.10, the uniform bond 
stress model has been superimposed on the more complex model.  Given the uniform bond stress, 
the peak elastic load is at the loaded end of the rebar and decreases linearly over the bonded length.  
The more complex model presented by Li and Stillborg shows that most of the load is concentrated 
near the loaded end of the rebar where only residual bond is present.  This is followed by a quick 
decrease in load along the portion where the bond is still intact.   
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Figure 2.9 Bond stress distribution along a fully grouted rebar after Li and Stillborg (1999)   
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Figure 2.10 Load Distribution along Resin Anchored Rebar given Different Bond Stress Models after Li and Stillborg 
(1999) 
Use of the uniform bond stress model will aid in developing a theoretical equation to predict 
expected deformation given a certain load placed on resin anchored rebar in the field.  To conform 
to the simplified theory, the bonded length of any testing will be limited to not more than 25 times 
the diameter of the rebar.   
Feldman and Bartlett (2007) describe the mechanics involved when tensile loads are applied to 
smooth rebar anchored in concrete.  Figure 2.11 shows the free body diagrams of a rebar resisting 
an applied tensile load.  The applied load, P, is resisted by: the tensile force in the bar, T(x), uniform 
compressive stress within the concrete, fc(x), and the distribution of bond stress along the bonded 
length engaged (l-x).  Slip of the rebar along the concrete interface will not occur until the effective 
bond length (lb), or length of bond resisting the applied load becomes equal to the total length 
bonded (l).  Slip is resisted by the elongation of the rebar, es(x), and the contraction of the concrete, 
ec(x).  Equations 2.1 and 2.2 describe the portion of slip from the rebar and concrete, respectively.  
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Assuming that in Equation 2.2., the concrete stress is uniform over a constant cross-sectional area, 
Equation 2.3 can be used to describe the concrete stress.  Combining the slip from both the rebar 
and concrete, Feldman and Bartlett derive the maximum relative slip occurring at the loaded end 
of a sample (Equation 2.4).   
 
Figure 2.11 Free body diagrams of pull test on rebar embedded in concrete from Feldman and Bartlett (2007): (a) pull 
test specimen; (b) concrete in segment at loaded end; and (c) rebar in segment at loaded end 
es(x) = නܶሺݔሻܣ௦ܧ௦
௫
଴
dx         																								    (2.1)    
where:  es(x) = Elongation of rebar; 
  T(x) = Load on the rebar at point, x, based on load distribution; 
   As = Cross-sectional area of rebar; and 
   Es = Young’s modulus of rebar. 
ec(x) = න ௖݂ሺݔሻܧ௖
௫
଴
dx          																						   (2.2) 
 where:   ec(x) = Contraction of concrete;  
   fc(x) = Compressive force in concrete; and 
   Ec = Young’s modulus of concrete. 
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௖݂≅-ܶሺݔሻܣ௖                                              (2.3) 
 where:  Ac(x) = Cross-sectional area of concrete. 
ݏ௠௔௫ = ൬ 1ܣ௦ܧ௦ ൅
1
ܣ௖ܧ௖൰නܶሺݔሻ݀
௟
଴
x								ሺ2.4ሻ 
 where:   smax = Maximum slip of rebar at the loaded end 
When describing the distribution of bond stress and tensile load in the rebar, Feldman and Bartlett 
(2007) use the simple adhesion-sliding bond model.  This model is based on a uniform adhesion 
bond existing between the rebar and concrete until slip initiates.  Once adhesion loss occurs, slip 
initiates and is only resisted by the sliding bond stress capacity (Figure 2.12).  This model is similar 
to the uniform bond stress model used by Cook (1993).  This model does not include the 
mechanical interlock which would be present with deformed (ribbed) rebar which are used in 
mining applications.  Deformed rebar are interlocked with resin due to their rough surface and as 
such, this simple adhesion-sliding bond model would be a simplification of the bond stress along 
this surface.  The smooth surface between resin and rock however, would be similar to that of the 
smooth rebar and concrete.  
 
 
Figure 2.12 Simple adhesion-sliding model modified from Feldman and Bartlett (2007) 
Once the transitional slip distance 
(St) has occurred, adhesion is lost 
and the bond stress drops to the 
sliding bond stress value. u uA 
St 
uS = 0.5uA 
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Feldman and Bartlett also describe how at the point where adhesion is lost and only mechanical 
friction remains, a significant increase in the rate of slip will occur.  Historically, pull testing 
programs using resin anchored rebar in potash have not defined the average bond strength using 
this point where adhesion is lost.  Feldman and Bartlett’s study of rebar embedded in concrete 
serves to give a method to both approximate the slip which can be expected during testing and, as 
well, assess the data collected to determine the load when adhesion is lost.  Graphing the rate of 
slip, or incremental deformation, is a feasible method to determine when adhesion is lost. 
 
2.6 Laboratory/Field Studies on Resin Anchored Rebar Bolts with 
Combined Shear and Tensile Loading 
Literature was reviewed to establish whether data collected in the laboratory, with regards to load 
distributions on rebar in combined loading conditions, can assist in interpreting field results.  This 
section outlines studies where field results were obtained, in addition to analytical or laboratory 
results.   
Signer et al. (1997) used instrumented rebar to study the combined loading of anchored rebar.  The 
rebar in the 1997 study were placed in coal mines with various geological conditions above the 
openings.  Due to strain gauges being placed on both sides of the rebar, bending of the rebar due 
to shear displacements in the rock mass could be observed.  The strain values in tension or in 
compression were converted into loads on the rebar.  The loads the instrumented rebar were 
supporting in the field were then used for the purpose of designing rebar support patterns.  Since 
the data showed the loads present on the support, engineers were able to make informed decisions 
on whether rebar spacing could be increased or decreased.   
McHugh and Signer (1999) furthered this research on fully embedded rebar under shear loads 
using the slotted rebar in the laboratory.  The aim of this testing was to establish the load 
distribution along the rebar with both shear and tensile loads present and establish if the field 
results could be replicated in the laboratory.  Figure 2.13 shows fully embedded rebar in two 
separated concrete blocks that were loaded axially, while the bottom block of concrete had a shear 
load applied.  Strain gauges were placed in slots along the rebar equidistant from the separation on 
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either side of the two blocks; Figure 2.14 shows this configuration as used to monitor the axial and 
bending loads.   
The laboratory results were then compared with field testing previously done at coal mines (Singer 
et al. 1997) to determine if the relationships established in the laboratory could be applied to in-
situ conditions.  In the field, rebar bolts were placed into shale, while in the laboratory, rebar were 
installed into concrete blocks with a compressive strength that was similar to the shale at the time 
of testing.  This study was able to replicate the field results of bond strength with laboratory testing. 
Similar separation displacements showed similar load distributions in both field and laboratory 
tests.  Separations were simulated in the lab by controlling the size of the gap between the two 
blocks shown in Figure 2.13.  The field results had more variation due to differences in geology, 
while the average values for bond strength in the laboratory and field were reported to be 
consistent. The results of this study showed that axial loading had little effect on the resistance of 
the rebar to shear loading and that the rebar capacity when resisting shear movement was 76% of 
the axial capacity of the rebar.   
These studies show that results in the field can be replicated in the laboratory.  Although the 
laboratory apparatus worked for McHugh and Signer’s 1999 study, concrete would not replicate 
the complicated behaviour exhibited by potash.  Procuring blocks of potash for an apparatus in the 
laboratory would be not only expensive but challenging in terms of the equipment and resources 
that would be needed.  As well, some degree of confinement would still need to be applied to the 
concrete in order to simulate field conditions. 
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Figure 2.13 Shear and tensile load apparatus schematic after McHugh and Signer (1999) 
 
Figure 2.14 Instrumented rebar for shear testing from McHugh and Signer (1999) 
Gap Simulates Separation 
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2.7 Discussion 
This literature search shows there are many studies that have investigated the loading behaviour 
of resin anchored rebar whether they are post-installed into existing concrete structures or installed 
in various geological horizons in mines.  Observing the effects of combined loading where both 
tensile and shear forces are present has been studied analytically, in the laboratory and in the field.  
Gaps in the literature that have been identified and which are addressed in this research project are 
as follows: 
 Identify the failure mechanism (weak link) of resin anchored rebar system when 
used in potash mines; 
 Examine how the average bond strength varies in potash mines given changes in 
mining conditions and environment; 
 Directly relate deformation to a load present on rebar (i.e. measure amount of 
tensile and/or shear movement that has occurred and develop a relationship that can 
be used to convert those measurements to a load present in the rebar). 
Investigating the effect that variables in the potash mines have on the bond strength of rebar used 
for support will extend the knowledge base for mining engineers who are required to make 
decisions about the quality and design of ground support.  Gathering data to relate the deformation 
in the surrounding area and equate it to a load present on the rebar will be of value for making 
decision regarding the need for additional rebar.    
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3. Laboratory Testing   
3.  
3.  
3.  
3.  
3.  
3.  
3.  
3.  
3.  
3.  
3.  
3.  
3.  
3.  
 
This chapter describes the design of the laboratory experimental program for this research project 
as well as outlines the laboratory testing procedures and results, including details on sample 
procurement, testing methods, and instruments used.  Results for rebar and rock properties are 
given in this chapter to provide required background data for subsequent sections on field testing 
methods and results. Laboratory testing included determining the mechanical properties of both 
the rebar and the various rock types from the field.  Rock properties were determined both to 
distinguish the different rock types at pull testing sites, and to aid in determining the failure 
mechanism of the support system.  Rebar was tested to confirm the properties of the actual rebar 
used in field testing.   
The scope of the laboratory testing program for this research project is split into two sections: rebar 
testing and rock testing.  Testing completed on rebar was conducted in the Structural Engineering 
Laboratory, while the rock property testing was conducted in the Rock Mechanics Laboratory.  
Both laboratories are located at the University of Saskatchewan.  The purpose of these testing 
programs was to accurately determine the properties of the materials used in field testing.  
3.1. Rebar Property Testing 
In order to evaluate the results of pull testing in the field, the properties of the rebar used must be 
recorded.  The properties required include:  
 Yield Strength (stress at which irrecoverable deformation begins to occur); 
 Ultimate Strength (maximum stress sustained by the sample during the test); and  
 Young’s Modulus (the rate of stress increase per unit strain within the elastic range). 
The property most relevant to this research project was the yield strength.  The yield strength for 
each size of rebar that was tested in the field was determined during laboratory testing in order to 
aid in selecting the bond length for use in the field.  During field pull tests, the observation of 
significant, irrecoverable, or non-linear deformation of the rebar, resin, and rock support system 
prior to the yield strength of the rebar being reached would indicate bond failure rather than 
irrecoverable deformation of the rebar sample.   
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These tests were carried out by randomly selecting five samples of both 25 mm and 16 mm 
diameter rebar, each from their own respective heat batch.  A heat batch of rebar refers to rebar 
that were formed at the same time using the same steel at the manufacturing location.  Different 
heat batches of rebar can have different properties, so it was ensured that rebar of the same size 
used in this research project were from the same heat batch.  The 16 mm diameter rebar, which are 
not commonly used in potash mining, were delivered by Dywidag Systems International (DSI) to 
the mine specifically for this research project and were from the same heat batch.  The 25 mm 
diameter rebar, however, were delivered to the mine site on a weekly basis.  To ensure all 25 mm 
diameter rebar would be from the same heat batch, a total of 130 samples of the 25 mm sized rebar 
were taken from the same delivery and stored in a secure location in order to provide enough 
samples for both the field tests and laboratory tests.  Both sizes of rebar used were Grade 400 rebar.   
Mechanical property testing for both the 16 mm and 25 mm sized rebar was performed using a 
consistent methodology.  Rebar samples were cut into four foot lengths with five samples of both 
sizes collected.  Figure 3.1 shows one of these four foot lengths of rebar placed in the material 
testing machine.  A linear potentiometer, reading over a gauge length of 200 mm, was attached to 
each sample to read the deformation of the rebar during this testing, up until the yield load was 
reached.   
The standard testing procedure outlined in ASTM E8-E8M-11 was followed (ASTM, 2011).  Each 
sample was loaded in the testing machine and centred into the wedge grips located on the top and 
bottom of the testing machine (Figure 3.1).  Load was then applied to each sample at a strain rate 
of 20mm/min.  Instron Partner version 8.0.4.0 software was used to control the machine while 
National Instruments Labview version 8.0 was used to record the output from data acquisition 
device connected to the linear potentiometer (LVDT).  The linear potentiometer was removed once 
the yield load had been exceeded to avoid damage or destruction of the device.  Capturing accurate 
deformation up until the yield load of the samples allowed for the Young’s modulus of each sample 
to be calculated. Loading continued until the ultimate strength was reached.   
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Figure 3.1 25mm size rebar set up for strength property testing 
The ultimate strength measured during pull testing was recorded for each sample.  The yield stress 
for each sample was determined by using the standard method as outlined in ASTM A615 (ASTM, 
2012).  Determining the yield stress involves observing where there was a well-defined yield point 
during the test.  For each sample tested, the yield stress was indicated by a plateau, where continued 
sample deformation occurred without an increase in applied load.  
A value for Young’s modulus was determined by calculating the slope of the linear elastic portion 
of the stress-strain plot.  Deformation measurements were taken from the voltage changes output 
from the potentiometer.  Load values were converted to stress by dividing the nominal cross-
sectional area for each rebar size tested.  Young’s modulus was calculated by using the slope of 
the linear elastic region of the stress versus strain curve. 
3.1.1. Rebar Property Testing Results 
Results of the laboratory pull testing to determine the mechanical properties of the rebar used in 
this research project are summarized in Table 3.1.  The raw data along with plots of load versus 
deformation and stress versus strain within the linear elastic range for each sample are included in 
Appendix A.   
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Table 3.1 Laboratory pull test data (5 tests per size of rebar) 
 Average Ultimate 
Strength, MPa    
(Std. Dev.*) 
(COV**) 
Average Yield 
Strength, MPa    
(Std. Dev.*) (COV**) 
Average Young’s 
Modulus, GPa    
(Std. Dev.*) (COV**) 
16 mm Average: 565 (4.00) (0.50%) 480 (7.50) (1.59%) 191 (33.0) (17.6%) 
25 mm Average: 612 (10.2) (1.68%) 409 (39.4) (9.62%) 181 (12.3) (6.80%) 
*Std. Dev. – standard deviation   **COV – coefficient of variation  
3.2. Rock Testing Program 
Representative core samples of potash and halite were taken from two different horizons at the 
Allan Mine for testing in the University of Saskatchewan Rock Mechanics Laboratory.  The goal 
was to determine if there were significant differences in the properties of the rock since they may 
have an effect on the performance of resin anchored rebar, as discussed in Sections 2.2 through 
2.4.  The variables considered during testing included Young’s modulus, Poisson’s ratio, uniaxial 
compressive strength (UCS), tensile strength (indirect or “Brazilian”), and shear strength. 
Three replications of tests were conducted on the cores collected from the mine including: 
unconfined compressive strength tests, the indirect tensile strength, and a guillotine style shear 
strength test.  The guillotine style shear strength test involved constructing an apparatus and 
developing a test procedure at the University of Saskatchewan, specifically for the purpose of 
investigating the shear strength of potash and halite core samples.   
A total of 60 samples which were representative of potash and halite horizons were collected at 
the Allan mine using the Hilti Diamond Core Drill shown in Figure 3.2.  The core samples had a 
diameter of 68 mm with a rough cylindrical surface and variable lengths which depended on the 
length of intact core which could be obtained from each hole.  In the field, each sample was marked 
to identify the horizon it came from with either a P (for Potash) or S (for Salt or Halite) and a 
number to identify the position within the coring area.  Samples were sealed in a plastic bag for 
transportation.  Test samples were marked with an additional, ‘A’, ‘B’, or ‘C’ label in the lab if 
the test sample was cut from the same intact piece of core.  
  
 
40 
  
 
Figure 3.2 Diamond core drill rig used to collect samples at the Allan mine 
3.2.1. Uniaxial Compressive Strength Testing 
Due to the compression loads placed on rock when resin anchored rebar are loaded in the field, 
UCS tests were done on each rock type.  A significant difference in the UCS between the two rock 
types could result in poorer performance of resin anchored rebar.  As discussed in Section 2.2, 
Bargahr and Vogel (2004) suggest that the strength of the surrounding material (concrete in their 
case) has a negligible effect on the strength of the reinforcement; however, it was unknown if this 
also is the case for a potash mining application.  Determining the UCS of each rock type, whether 
influential on the strength of resin anchored rebar or not, would still be of value to the engineers 
at the mine because determining mechanical properties of the rock had not previously been 
completed for the Allan mine.   
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The unconfined compressive strength test was used to determine the majority of the rock properties 
needed to define both the potash and halite horizons being tested in this project.  ASTM D7012-
10 was followed to find Young’s modulus, Poisson’s ratio, and uniaxial compressive strength 
(ASTM, 2010).  Modifications to this standard testing procedure included using a sample diameter 
of 68 mm instead of the recommended 47 mm.  A larger core size is commonly used to obtain 
estimates of potash properties due to the large crystal size often present in the rock.  Ten samples 
from each of the different geological horizons were tested.   
Samples were cut to a length of more than twice the diameter.  The ends of each sample were made 
flat and parallel to one another using a rock saw and belt sander.  The sample dimensions were 
measured using digital calipers to take three measurements and calculate an average value.  A 
circumferential strain chain was used to measure circumferential strain and linear potentiometers 
were used to measure the axial deformation during the test.  Figure 3.3 shows the UCS test set-up 
with both the strain chain and potentiometers positioned on the sample.  The axial and 
circumferential strain measurements were required to calculate Poisson’s ratio, and together were 
used to determine the sample volume change. 
Samples were placed into the Tinius-Olsen materials testing machine where a constant loading 
rate of 223 N/s was applied until failure occurred within 2 to 15 minutes.  The data obtained from 
the strain measuring devices was then used to calculate both the Young’s modulus and Poisson’s 
ratio for the sample.   
Analysis of the elastic properties and strength of each rock sample was completed by following 
the calculations outlined in ASTM D7012-10 (ASTM, 2010).  For each sample, stress versus 
lateral, axial, and volumetric strain plots were established.  The only modification made to standard 
analysis techniques involved the calculation of Poisson’s ratio.  As mentioned in Section 2.1, 
potash and halite samples behave plastically at lower loads and higher loading rates than most 
other rock types. The measurement of the elastic constants, Young’s modulus and Poisson’s ratio 
measurement are challenging due to the complex makeup of the rock.  
The Poisson’s ratio is normally found by taking the lateral and axial strains at 50% of the UCS 
value.  However, at this load in the potash and halite samples, plastic deformation and spalling of 
the sample has already begun making the values for Poisson’s ratio using this method inaccurate, 
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as often the value was greater than 0.5.  Instead, values of Poisson’s ratio in this research project 
were calculated when the volumetric strain reached a maximum value (note: in the case of this 
study, contractile strains are positive).  The values of lateral and axial strain were recorded at this 
point of maximum volumetric strain (Figure 3.4) and Poisson’s ratio was calculated.  This value 
of Poisson’s ratio is a more appropriate estimate of the property since it was calculated while the 
rock was still behaving nearly elastically.  For example, the sample in Figure 3.4 had a Poisson’s 
ratio of 0.74 when calculated the traditional way.  Young’s modulus was found using the standard 
procedure provided in ASTM D7012-10 (ASTM, 2010); however, it should be noted that these 
values will not necessarily reflect in-situ properties.  Loading rates in the lab will likely not 
represent field loading conditions due to sample disturbance and relative high loading rates 
compared to those in the field.  In comparison to the field pull tests, the loading rates are similar 
in that both tests apply the maximum loads over a time frame of 2 to 15 minutes. 
 
Figure 3.3 Potash sample loaded in Tinius-Olson material testing machine and outfitted with strain chain and LVDTs 
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3.2.1.1. Uniaxial Compressive Strength Testing Results 
The average results determined from the uniaxial compressive strength tests conducted on the 
potash and halite samples are presented in Table 3.2. Ten samples of each rock type were tested.  
Raw data, along with stress versus strain plots for each sample, are reported in Appendix B.  An 
example of a stress-strain plot, showing the point of maximum volumetric strain can be found in 
Figure 3.4.  
Table 3.2 Average mechanical properties from UCS testing (10 tests each) 
 Average UCS, MPa      
(Std. Dev.) (COV.) 
Average Young’s 
Modulus, GPa          
(Std. Dev.) (COV.) 
Average Poisson’s 
Ratio, MPa             
(Std. Dev.) (COV.) 
Potash: 25.4 (2.44) (9.59%) 2.82 (0.452) (16.0%) 0.30 (0.042) (14.3%) 
Halite: 21.7 (1.95) (9.01%) 6.25 (1.43) (22.7%) 0.282 (0.045) (15.8%) 
 
 
Figure 3.4 Stress-strain plot for potash sample P8  
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3.2.2. Indirect Tensile Strength Testing 
The tensile strength of each rock type was calculated to determine whether a significant difference 
existed between the two rock types.  As described in Section 2.2, the material surrounding resin 
anchored rebar has a possibility of failing in tension when short embedment lengths are used near 
a free face (Bargahr and Vogel, 2004).  With the rebar in this research project being embedded as 
deeply as 2.4 metres into the rock, it is unlikely that the rock will fail in tension. However, the 
tensile strength of each rock type assisted in determining if there was a large variation in properties 
between rock types.   
ASTM D3967-08 was used as the testing method and procedure to obtain values for tensile 
strength for both the potash and halite samples (ASTM, 2008a).  Samples were again 68 mm in 
diameter and discs were cut from the core samples with a length to diameter ratio less than 0.7.  
The samples ends were finished to make them flat and parallel using a rock saw and belt sander.  
The samples were placed in the Tinius-Olsen materials testing machine.  A loading rate of 223N/s 
was then used to test the samples until failure occurred within 2 to 15 minutes.  The data collected 
during this test included load versus time.  The tensile strength of the rock was then found using 
the peak load reached during the test and the sample dimensions.  
Analysis for the indirect tensile strength tests followed the standard calculations outlined in ASTM 
D3967-08 (ASTM, 2008a).  The cross-sectional area was determined using the average of three 
measurements of the sample diameter as well as the thickness of the sample.  The peak load is 
recorded during testing.  The sample must fail along a break that is parallel to the direction of 
loading and splits the sample approximately in half.  Figure 3.5 shows an example of a successful 
test sample of potash found in testing.  No samples failed in any manner other than parallel to the 
loading direction; had there been, those results would have been discarded.   
3.2.2.1. Indirect (“Brazilian”) Tensile Strength Testing Results 
The average results for the indirect tensile strength tests conducted on potash and halite samples 
are presented in Table 3.3.  Ten samples of each rock type were tested.  The results from the potash 
and halite samples display similar tensile strengths for both types of rock.  Raw data for each 
sample tested are reported in Appendix B.   
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Table 3.3 Average Indirect tensile strength test results (10 tests each) 
 Indirect Tensile Strength, MPa             
(Std. Dev.) (COV.) 
Potash: 1.75 (0.181) (10.4%) 
Halite: 1.73 (0.248) (14.3%) 
 
 
Figure 3.5 Example of failed potash sample (P31A) after Brazilian tensile strength test 
 
  
 
46 
  
3.2.3. Rock Shear Strength Testing 
A testing apparatus had to be developed and constructed to obtain measurements of shear strength 
for potash.  There was no literature available to indicate that a ring-shear (guillotine style) test had 
previously been used successfully on a potash sample.  Shear strength is an important property 
because when a resin anchored rebar transfers load into the adjacent rock, a shear force is applied 
to the rock due to the load transfer through the resin.  In order to determine whether the support 
system weak link is the low shear strength of the rock, a value had to be determined.  The guillotine 
style testing apparatus was constructed based on a shear strength test described in Goodman 
(1989).  The apparatus was built to accommodate the potash and halite cores collected from the 
mine and was designed to induce two shear planes through the core.  
The guillotine style apparatus was constructed at the University of Saskatchewan Engineering 
Shops.  The shear testing apparatus was able to seat the 68 mm diameter cores taken from the field 
in a position which allowed for a downward load to be applied by the Tinius-Olsen materials 
testing machine.  Figure 3.6 shows the testing apparatus with a potash core loaded inside and the 
76 mm wide loading block sitting on top of the core sample.  Figure 3.7 shows the apparatus inside 
the testing machine, ready to test.  The samples were cut with a rock saw to a length of more than 
twice the diameter.  The cylindrical surface area of these samples was made smooth with a belt 
sander to ensure even contact with the arched loading platens.  An uneven cylindrical surface 
would cause stress concentrations.   
Loading platens built into the apparatus concentrate the shear stress on two planes (Figure 3.6).  
Additional loading platens that are 15.25 mm wide were placed on the top of the sample (Figure 
3.8) to concentrate the load applied by the 76mm wide block on to the two planes.  On both ends, 
the sample rested on 30.5 mm wide platens.  Loading was applied at a rate of 46 N/s in order to 
fail the sample within 2 to 15 minutes.  The test ended when the rock failed in shear.  The shear 
strength was then determined using the peak load recorded during the test and the measured sample 
dimensions.  The test was considered a success only if both of the intended shear planes failed 
simultaneously.  Figure 3.9 shows an example of a successful failed sample.  All samples tested 
failed in this manner.   
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Figure 3.6 Shear strength test apparatus 
 
Figure 3.7 Shear strength test prepared in the Tinius Olsen materials testing machine 
76 mm wide 
loading block 
Load applied (red 
arrows) concentrated 
onto two shear planes 
(black dotted lines)  
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Figure 3.8 Top-down view of potash sample in the shear testing apparatus 
 
Figure 3.9 Example of potash sample failed after shear strength test 
15.25 mm wide loading 
platens on top of sample 
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3.2.3.1. Rock Shear Strength Testing Results 
The average results for shear strength tests conducted on potash and halite samples are presented 
in Table 3.4.  Ten tests were conducted for each rock type.  Raw data with the results of each of 
the tests for potash and halite are reported in Appendix B.   
Table 3.4 Average shear strength test results  
 Average Shear Strength, MPa               
(Std. Dev.) (COV.) 
Potash: 6.99 (1.84) (26.3%) 
Halite: 8.61 (1.61) (18.7%) 
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4. Field Testing 
 
Field Testing took place at Potash Corporation of Saskatchewan’s Allan mine, located 
approximately 50 kilometers southeast of Saskatoon, Saskatchewan.  The Allan mine has been in 
production since 1968 and currently uses stress-relief mining techniques, as discussed in Section 
1.1.3.  With over 40 years of production, there are extensive workings covering an area of roughly 
9 square kilometres.  The Allan mine regularly uses both fully bonded rebar, Dywidag bars, and 
mechanical rock bolts for support where it is required.  Several horizontal clay seams positioned 
at different depths into the back above the mining level, as discussed in Section 1.1, are susceptible 
to separation and shear displacements which dictate the need for ground support at the mine.   
This chapter outlines the testing procedure used to conduct pull testing on resin anchored rebar 
samples in the field.  Data reduction methods used to extract results from raw test data are 
described, and the average results are provided.  A standard pull test procedure can be found in 
ASTM D4435-08 (ASTM, 2008b); however, this section will describe why standard methods do 
not always provide satisfactory results in the potash mining environment.   
In mining, the peak load that the support sustains prior to the rebar either breaking or pulling free 
from the hole has typically been used to calculate the bond strength.  For the purposes of this 
research project, bond strength is determined using the load at which the adhesion is lost (i.e. when 
the rebar begins to slide out of the hole) and does not include the additional strength provided by 
the frictional bond.  This assumes the simplified adhesion sliding model (Feldman and Bartlett, 
2007) described in Section 2.5.  The frictional bond can be variable and unpredictable (Cook, 
1993), and so it should not be relied upon to provide additional load capacity to the support system.  
All of the following uses of the term bond strength refer to the capacity of the adhesive bond only.   
4.1.  Field Testing Site Selection 
The 110 rebar specimens used in field testing were split into six different populations installed at 
various locations around the Allan mine.  At these locations, pull tests determined the load at which 
the bond began to fail (where the rebar began to pull free from the hole).  Determining this load 
allowed for the determination of the average bond strength.  As discussed earlier in Section 1.1.3, 
bond strength is a term used in the mining industry used to describe the capacity of resin anchored 
rebar, commonly in terms of load per unit length of bond.  An overall average value of bond 
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strength was determined from each different population of rebar tested.  This average value 
associated with each site specific factor allowed the effect of different factors to be compared.    
The site specific factors investigated as a part of this research were: resin cure time, rock type, and 
proximity to active mining.  Table 4.1 shows a summary of each testing population and the purpose 
for each.  Resin cure time refers to the amount of time which has passed since installation.  
Investigating rock type involved determining if there was a difference between rebar installed in 
potash and halite rock.  Investigating the effect of proximity to active mining involved testing rebar 
in areas that were either at an active mining face (area where a borer is cutting presently) or in a 
non-active area.  Generally, an active mining face is in ground that has very recently (days to 
weeks) been opened, while a non-active area has typically been open for several years.  As 
described in Section 1.1.3, openings which are more than 300 metres away from an active opening 
will not feel the effects of current mining (Mackintosh, 1977).   
To investigate the effect of resin contact area, one test population was completed using 16mm 
diameter rebar in smaller holes.  Using a smaller diameter rebar and hole size varied the contact 
area between the rebar and resin as well as between the resin and rock.  The load at which adhesion 
was lost could be divided by the nominal contact area of both the rebar and rock surface.  This 
calculation resulted in a stress along these surfaces and is the traditional way of reporting bond 
strength.  
In addition to investigating these site specific factors, one test section involved using short 
embedment lengths.  A bond length of 100 mm  was used on 25 mm diameter rebar in an attempt 
to ensure the adhesion bond was exceeded at a low enough load that the pull testing apparatus 
would have the capacity and stroke length available to overcome the remaining frictional strength 
and fully remove the rebar from the hole.  Full removal of the rebar allowed for visual inspection 
of the rebar after undergoing bond failure.  Visual inspection allowed for the condition of the resin 
to be observed after complete failure.  It was unknown if the resin would remain intact along the 
rebar, break up in the hole, or remain intact along the rock surface. 
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Table 4.1 Summary of each rebar test population 
Testing Section  Purpose 
Initial Pull Tests – (20 Tests) 
(“North 70” Location) 
Investigated various bond lengths, and the testing method. 
Non-Active/Potash Geology 
– (20 Tests) (“North 70” 
Location) 
Provided information on the bond strength expected when 
rebar are placed in long term, older openings. 
Active/Potash Geology –   
(40 Tests) (“Borer 6” 
Location) 
Provided information on the bond strength expected from rebar 
placed near active faces over a period of one year (typical 
mining panel life). 
Non-Active/Halite Geology 
- (10 Tests) (“South Storage 
Bin” Location) 
Provided information on whether rebar anchored into a halite 
back behave significantly different from those anchored into 
potash. 
Short Embedment - 
(10 Tests) (“South Storage 
Bin” Location) 
Provided visual observations following testing on the failure 
mechanism of resin anchored rebar. 
16mm Sized Rebar (Smaller 
Contact Area) – (10 Tests) 
(“East 305” Location) 
Provided information on whether there was a relationship 
between bond strength and the resin-rock or resin-rebar contact 
area. 
 
4.2. Pull Test Procedure 
The pull tests provided data on the average bond strength data and were conducted in varied field 
locations.  A general description of the pull test set-up and testing procedure included installing a 
rock bolt, rebar in this case, and then using a hydraulic cylinder to apply a load while 
simultaneously measuring the deformation of the rebar.  Pull testing was conducted on 100 samples 
of 25 mm diameter rebar and 10 samples of 16 mm diameter rebar.   
Figure 4.1 shows the pull testing equipment that was used in the testing at the mine.  This 
equipment was made available by the Allan mine for this research.  Load was applied manually 
with a hand pump connected to a hydraulic cylinder.  The gauge on the hand pump displayed units 
of load in tons.  The smallest increment available on the gauge from 0 to 5 tons (0 to 4.54 tonnes) 
  
 
53 
  
was 0.625 tons (0.567 tonnes).  On the gauge, smaller increments of 0.5 tons (0.45 tonnes) were 
available from loads of 5 tons (4.54 tonnes) and above.   
Load was applied to the 25 mm rebar initially in increments of 2.5 tons (2.27 tonnes) from 0 to 10 
tons (0 to 9.07 tonnes); increments of 1 ton (0.907 tonnes) were used thereafter.  Less frequent 
measurements were recorded at the beginning of tests because seating effects decreased the 
accuracy of the data in this initial range.  Seating effects describe initial inaccurate deformation 
recordings due to the initial slack in the system and/or initial positioning of the apparatus on the 
rock surface as load began to be applied.  Initial slack was the result of not placing the apparatus 
tightly against the rock.  The apparatus would re-position itself, depending on the roughness of the 
rock surface on to which it was seating.  The magnitude of this effect was greater for certain 
deformation measuring instruments; this is discussed further in Section 4.2.2.  
Load was applied to the 16 mm rebar initially in increments of 0.625 tons (0.567 tonnes) up to a 
value of 5 tons (4.54 tonnes), after which an increment of 0.5 tons (0.45 tonnes) was used.  Seating 
effects were also evident in these tests but, given the smaller load range (0-12 tonnes) for the 16 
mm sized rebar, smaller loading increments were still used to note as much detail as possible before 
the end of the tests.   
For both the 16 mm and 25 mm rebar tests, deformation readings were recorded using a linear 
potentiometer and a string potentiometer at each loading increment; details of both methods are 
described in Section 4.2.2.  The result of each test was a table of load and deformation 
measurements.  This was plotted as load versus both cumulative deformation and incremental 
deformation.  The results of the test are discussed in Section 4.3.   
The completion of each pull test was marked by either the apparatus approaching the capacity of 
the system (27 tonnes) or when the deformation readings became time dependent and difficult to 
manually record.  When deformation readings began to continuously change between loading 
increments, the rebar was assumed to be sliding out of the hole.  When this occurred, the load was 
decreasing and the deformation reading was increasing with time and manual recording was no 
longer accurate.  The sliding of rebar specimens indicated that adhesion had already been lost and 
recording further measurements was not necessary for the purposes of this research project.   
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Figure 4.1 Pull tester apparatus used at Allan mine: (a) Hydraulic cylinder attached to rebar and, (b) Hand pump  
4.2.1. Rebar Sample Preparation 
To begin the preparation of samples, the length of each rebar tested was recorded.  The length was 
measured from the washer of the forged bolt head to the toe end, where an angled cut has been 
made by the supplier to facilitate the puncturing of resin cartridges.  A pull collar and square plate 
washers were then placed on all rebar samples.  Figure 4.2 shows the pull collar and washer on the 
(a) 
(b) 
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forged head end of the rebar.  The rebar were numbered in the order that they were prepared, but 
not necessarily the order in which they were tested.   
After completing the measurements, labelling, and adding the collar and plates, each rebar was 
outfitted with a resin dam to increase the diameter of the bar.  This was to help contain the inserted 
resin in the top of the hole and to ensure excess resin did not bond to the rebar where it was not 
desired.  The length where resin was bonded to the rebar is referred to as the bond length.  The 
resin dam ensured that this length was known and maintained during and after the installation 
process.   
Typically, when bond strength is investigated in mines, the short encapsulation pull test (SEPT) 
method is employed for testing resin anchored rebar, as described by Mark et al. (2002).  The 
SEPT method involves using a 0.3 metre bond length to determine the average bond strength of 
resin anchored rebar.  However, previous testing at the Allan mine, conducted by Smith (2008), 
showed that using 300 mm bond lengths on 2.4 metre long rebar in potash resulted in highly 
variable pull test results.  Smith described that the variability in the data was thought to be caused 
by the difficulty in drilling the holes for the rebar to an accurate depth.  Since a small volume of 
resin was being inserted to provide the 300 mm bond length, holes over-drilled only by 2.5 to 5 
cm would result in 14% of the resin lost to the top of the hole (above the rebar) where it would not 
contribute in bonding the rebar to the rock. (This calculation is in Appendix C)  
 
Figure 4.2 Pull collar and square plate washer 
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Based on the past testing conducted by Smith (2008), it was decided to use longer bond lengths 
during an initial testing phase.  This initial testing phase involved placing resin dams at different 
positions along the rebar samples to create four different bond lengths to test.  The data from these 
initial tests were later used to decide upon a single bond length to use for the remainder of tests.  
All of these initial tests were conducted on 25 mm diameter rebar.  The four different bond lengths 
tested in this initial phase were:  
 610 mm (2ft); 
 560 mm (1.83 ft); 
 510 mm (1.67 ft); 
 460 mm (1.5 ft). 
The resin dam was placed on the rebar at a distance equal to the desired bond length, measured 
from the toe (or slashed) end of the rebar (Figure 4.3).  Using the known volume of resin being 
inserted into each 36.5 mm diameter hole (two 300 mm long, 28 mm diameter resin cartridges) the 
resin dams prevented excess resin from bonding to the rebar.  The resin dam also had to be large 
enough in diameter to ensure that resin stayed at the top of the hole.  Calculations for the size of 
each resin dam used for each bond length tested are provided in Appendix C.  Figure 4.4 shows a 
schematic of a resin dam on an installed rebar.  
 
Figure 4.3 Example of 0.56m portion of rebar to be bonded followed by 0.18m finished resin dam 
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Figure 4.4 Schematic of using resin dams to achieve desired anchorage length 
For simplicity, and due to the availability of materials, clear PVC tubing (25.4 mm I.D.) and 
electrical tape were used to form the resin dams.  Measurements were taken to ensure that the resin 
dam diameters were in the range of 32 to 34 mm.  This size range reduced the centred gap between 
the resin dam and rock in the hole to 1.3 to 2.3 mm.  This diameter of resin dam reduced the centred 
gap between the resin dam and rock while not being large enough to come into contact with the 
hole during installation, thereby preventing damage.  Typically, one overlapping layer of electrical 
tape was required along the PVC tubing to obtain the desired diameter.  Figure 4.5 shows the tape 
overlapping onto the PVC tubing to form a resin dam.  Digital calipers were used to obtain three 
diameter measurements along the length of the resin dam; resin dams that were not within the 
desired average diameter range were discarded.  
 
Figure 4.5 Wrapping a 0.18 metre length of PVC tubing in electrical tape to secure it to rebar  
PVC Tubing  
Wrapping Electrical Tape  
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4.2.2. Instruments to Measure Deformation during a Pull Test 
Several challenges exist when measuring deformation during a pull test in potash.  Since potash is 
a soft, weak rock, the rock directly bearing the pull test apparatus can deform upwards during the 
test due to the high load concentration.  This concern had to be addressed because obtaining 
accurate deformation data was crucial to the analysis of the results relating to the failure 
mechanism of the support system.  Further, the back can be very uneven due to the excavation 
technique of the continuous borers.  Uneven surfaces may cause errors in deformation 
measurements because, when load is applied, the apparatus may tilt and pull at an angle as shown 
in Figure 4.6.  It was therefore apparent that measuring deformation accurately may not be easily 
accomplished using standardized testing techniques in a potash mine.   
Two instruments for measuring deformation were used during field testing in this project: a linear 
potentiometer and a string potentiometer.  The linear potentiometer was a Penny and Giles model 
SLS320, purchased from Durham Instruments.  The string potentiometer was a Celesco model 
SP2-4, purchased from Intertechnology.  A schematic showing the set-up of both instruments is 
shown in Figure 4.7.  Both instruments recorded the downward movement of the rebar head 
relative to the floor of the underground opening as load was applied manually.   
The linear potentiometer was used for the initial testing phase.  The linear potentiometer was 
attached to two separate tubes, forming a collapsible rod.  An aluminum tube on the upper half and 
a smaller diameter copper rod on the bottom half were connected with the linear potentiometer.  
As the apparatus moved downward as the rebar deformed or slipped, the aluminum rod slid over 
the copper rod and displaced the linear potentiometer.  The closure rod was attached to the 
apparatus with a 10 mm bolt.  When the test was ready to be carried out, a 10mm Hilti pin was 
shot into the potash floor to attach the closure rod to the floor.  Placement of the pin into the floor 
was completed with a plumb bob to ensure that the rod was installed vertically.  Uneven surfaces 
are often found along the floor.  In older workings, the floor can be covered in loose potash (muck), 
and the surfaces can be uneven due to years of traffic acting on them.  In these cases, the floor was 
re-shaped with a shovel to ensure that the closure rod was firmly anchored (Figure 4.8).  Once 
anchored at both ends, the closure rod could be read continuously throughout the test.   
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Figure 4.6 Uneven surface along back causes apparatus to tilt at the start of test 
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Figure 4.7 Pull test set-up arrangement showing both methods of deformation measurement 
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The closure rod measured displacement by delivering a voltage continuously to a multi-meter.  
Voltage change readings were converted into linear displacement measurements in units of 
millimetres.  Given the short duration of the test (10 minutes), the input voltage was measured at 
the beginning of the test and was assumed to remain steady during the test. Output voltage 
increases indicated downward movement and voltage decreases indicated upward movement. 
There were disadvantages in using the closure rod.  The movement of the apparatus at the 
beginning of the test, caused by the uneven surface on the back, caused erroneous measurements 
of deformation that were related to the plate seating, not the rebar actually deforming or pulling 
out of the epoxy.  Figure 4.9 shows a simplified schematic of the seating effects that occurred due 
to the uneven back that caused tilting of the loading apparatus and resulted in inaccurate readings 
from the closure rod.  Both upward and downward movements were possible due to this tilting.  It 
was not always possible to position the rod to avoid this movement.  Tests completed with the 
closure rod accurately displayed the relative rate of movement with increased load, as well as the 
load at which the support system began to slide out of the hole; however, the magnitude of total 
deformation may not have been accurate. 
The string potentiometer was used in an effort to improve the accuracy of the deformation 
measurements. The string potentiometer worked in a similar fashion to the linear potentiometer.  
A spring loaded string-line extended out of the instrument, the position of which controlled the 
output voltage that decreased linearly as the string-line was drawn back into the instrument.  This 
instrument was connected directly to the rebar head using a string that was anchored on the rebar 
head using a general purpose epoxy (PermaPoxy 1 minute epoxy) and some electrical tape which 
held the string to the rebar head while the epoxy set.  The string was a braided 9 kilogram fishing 
line.  Once the epoxy set, after 24 hours, the line was capable of withstanding the 142 grams of 
tension placed on it during each test.  The string potentiometer was bolted to a block of wood, 
which was then clamped to a tripod.  Figure 4.10 shows the string potentiometer connected in the 
field.   
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Figure 4.8 Closure rod anchored into potash floor after it is cleaned with shovel 
 
Figure 4.9 Schematic of initial tilt of apparatus during pull test caused by uneven back surface: (a) Initial extension of rod 
causing error; (b) No error caused when flat back is present; and (c) Initial compression of rod causing error 
10 mm Hilti Pin 
(a) (b) (c)
When back is flat – 
apparatus does not 
reposition itself 
causing errors 
When back is tilted 
in this orientation – 
apparatus repositions 
and pulls the rod 
upwards initially 
When back is tilted in 
this orientation – 
apparatus repositions 
and pushes the rod 
downwards initially 
Original rod position 
before seating 
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Figure 4.10 String potentiometer connected in field 
By attaching the string potentiometer directly to the rebar head and not the apparatus, the 
instrument did not pick up the erroneous measurements caused by the plate tilting.  The 
deformation measurements recorded by the string potentiometer, accurately represented the 
magnitude of deformation that occurred to the anchored rebar during the test.  Some additional 
effort was needed to install the fishing line at least one day ahead of any testing.  Tying the fishing 
line to the string potentiometer took minimal effort, and, like the closure rod, this instrument was 
able to display a continuous readout of voltage change (displacement) during the entire test on a 
multi-meter.  
Figure 4.11 shows how the fishing line was connected to the rebar head and that it ran down a 
central hole through the loading frame apparatus.  The fishing line was free to move with the rebar 
as it was pulled out of the hole.  When the fishing line moved downward with the rebar, the spring 
took up the slack and  the spring line retracted back into the string potentiometer.  The change in 
measured voltage was used to calculate the displacement.  Deformation measurements involved a 
degree of error due to instrument accuracy.  The string potentiometer can be read to within +/- 
0.001 V or 0.014 mm.  This measurement accuracy of 0.014 mm is equivalent to the approximate 
elastic deformation of the 1.9 metres of unbonded rebar under a load of 76 N.  This indicates that 
deformation measurement accuracy was adequate, given that loads of 200 kN and above were 
applied during pull tests, an error of +/- 76N would be a small fraction of the total load applied.  
Lead wire to multi-meter 
Fishing line tied to 
spring loaded string 
potentiometer line 
String pot attached to 
surveyor’s tripod with 
C-clamp 
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Figure 4.11 View of fishing line connected directly to rebar head with electrical tape 
4.2.3. Investigating the Effect of Field Variables  
The methods used to isolate field variables and assess their effect on bond strength per metre of 
anchorage are described in this section.  Rebar was installed in four different locations at the Allan 
mine in an effort to single out environmental variables for testing.  The following will describe the 
test sites where the effect of each variable on the average bond strength was investigated.    
Some test sites provided test data which was used to simultaneously investigate the effect of 
multiple variables while other test sites isolated a single variable.  For example, one population of 
rebar was used to investigate resin cure time, potash horizon rock type, and the influence of a de-
stressed rock mass due to a lack nearby mining activity.  These tests not only provided information 
on the resin cure time but were indicative of the average bond strength provided by resin anchored 
rebar installed in areas with similar rock types and proximity to active mining.  In contrast, rebar 
installed on the halite horizon were only used to assess the effect of that specific rock type on the 
Fishing line runs 
down through 
apparatus (shown 
before bar is 
tightened to rebar 
head) 
Electrical tape 
secured fishing 
line to rebar while 
epoxy cured 
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average bond strength.  Multiple variables were tested at some sites in order to reduce the number 
tests needed and, therefore, the number of rebar to be installed.  Installing rebar involved allocating 
resources and personnel at the Allan mine and, therefore, interrupted daily operations.  Optimizing 
the quantity of test sites and rebar installed aided in the research being carried out efficiently 
alongside daily mine operations.   
4.2.3.1. Resin Cure Time 
Cure time refers to the amount of time between mixing the resin in the hole during rebar installation 
and completing the pull test.  Resins do not set instantly, and most need some time to develop their 
full strength.  For example, the specifications for the resin being used at Allan state that full 
anchorage strength is reached after 24 hours, and that 80-90% of this strength is achieved within 
60-120 seconds of installation (DSI, 2008).  These estimates are based on a resin temperature of 
22oC at the time of installation.   
In a potash mine, holes are made with percussion drills and the dust created by the process is not 
removed from the hole before the support is installed.  Potash dust is present during the resin 
mixing process and this additive might affect cure time.  Temperature effects for the particular 
resin being used have been tested in DSI laboratories, but not in the field.  Allan has an 
underground temperature of 28oC, which is similar to the 22oC laboratory testing temperature, and 
increased temperatures will only cause resin to cure more quickly (DSI, 2008).  Temperature 
effects were therefore expected to be minimal and were not expected to have any negative effects, 
so this factor was not of significant interest in this research.  Temperature was not measured during 
testing.  The in-situ pull tests that were used to investigate the effect of cure time on average bond 
strength were conducted to assess whether there was a significant difference in the average bond 
strength over a time range of 11 to 125 days.   
To isolate the effect of cure time, the rebar was installed in an older area of the mine, located more 
than  300 metres away from any active mining where stress-relief and other factors would not 
influence the results. An eight year old main development entry, located four miles north of the 
mine shafts at Allan, was selected.  The name of this test site was “North70,” as per the name of 
the entry at the Allan mine.  The rebar was installed in the centre of this entry.  Neither shear 
deformation or bed separation (tensile deformation) were expected during the duration of the test.  
The closure rate was measured to confirm that the area was not affected by active mining sites (the 
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nearest active site was over 1000 metres to the north).  Internal documents at the Allan mine 
describe that a closure rate of 0.1 mm/day is typical for a non-active (stress-relieved) area (PCS 
Allan, 2013).  The closure rate was measured using a closure rod installed at the test site which 
provided data over the duration of the testing period to verify the rate of ground closure; this data 
is shown later with the results in Section 4.4.2.  
A total of twenty rebar specimens were pulled at different times to assess how bond strength per 
metre of anchorage changed with the increased cure time.  Five testing periods were used in order 
to test all twenty samples.  The cure time varied from 11, 13, 57, 106, and 125 days after 
installation.  Originally, the plan called for 5 bolts to be pulled in each interval, and for these time 
intervals to be even; however, this was not always possible.  These times were selected based on 
equipment availability and depended on the operations occurring in and around the testing area.  
Detailed test result data is presented in Appendix E.  
4.2.3.2. Rock Type 
Rebar was anchored into potash and halite horizons to determine if there was a significant 
difference in the anchorage strength between the two different rock types.  Pull tests representative 
of rebar anchored into potash were those completed at the “North70” test site, which were also 
used to investigate resin cure time.  Pull tests representative of rebar anchored into halite were 
completed at a separate location called the “South Storage Bin”, as per the name of the entry where 
these rebar were installed.   
The “North70” test site included twenty rebar specimens.  The bond length was anchored along a 
section of rock representative of potash at the Allan mine.  The “South Storage Bin” site included 
only ten rebar specimens since resin cure time was not being investigated for these specimens.  
Similar to the “North70” test site, the “South Storage Bin” was located in an entry which was 
located more than 300 metres away from any active mining and had been open for over a decade.  
The “South Storage Bin” was located approximately one mile north of the mine shafts.  Both sites 
included rebar installed with the same bond length, were non-active mining areas, and had similar 
cure time durations.  The significant difference between the sites was the rock type in which the 
rebar was anchored; therefore, the average bond strength determined at each site represented the 
suggested bond strength typical of each rock type. 
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4.2.3.3. Effect of Proximity to Active Mining 
Stresses around potash mine openings are initially concentrated around the opening boundaries 
and are shed away over time (Section 1.1.3) causing induced stresses to decrease (Mackintosh, 
1975; Hills, 2005).  As the induced stress decreases, frictional bonds between the rock mass and 
rebar bolts decrease, causing a decrease in bond strength (Lovlin, 2006; Martin et al., 2004).  It 
was therefore important to determine whether the average bond strength is significantly different 
when it is placed in an active mining area as opposed to a non-active area.   
The active site for rebar was selected in a new development entry being cut by Borer No. 6 and is 
called the “Borer 6” test site.  The rebar at “North 70” were representative of a non-active mining 
area and were used for comparison.  The rebar at “Borer 6” were installed when the opening was 
just 53 days old, while the rebar in “North70” were installed when the opening was 3000 days old.  
The rebar at the active site were installed in the middle entry, as per the non-active site.  Similar 
to the “North70” site, a closure rod was used to monitor closure rates which demonstrated the 
difference between active and non-active mining areas.  At the Allan mine, typical closure rate for 
a recently opened room is initially very rapid, and is approximately 30mm/day (PCS Allan, 2013).   
A total of 40 rebar were installed in the active site, rather than just 10 or 20.  The larger quantity 
of specimens was used so that pull testing could be performed over the duration of a year in the 
active site (one year is the typical life span of an active mining panel).  Tests were completed at 
125, 160, 258, 270, 275, 313, 316, and 318 days.  Similar to “North70,” these times depended on 
operations at the mine and even time intervals were not possible. Average bond strengths at “Borer 
6” were determined over the study duration to see how they compared to the average bond strength 
found at “North70.”  The expectation was that, if there was a significant difference between the 
sites, that difference may decrease over time as the “Borer 6” site location became further away 
from where the borer was cutting in the panel.  Initially, the test site was located approximately 50 
metres south of the borer; by the end of the testing duration, the site was approximately 500 metres 
south of the borer.   
4.2.3.4. Effect of Resin Contact Area 
To vary the contact area that the resin had with both the rock and rebar surfaces, a group of ten, 
smaller diameter (16mm) rebar were installed and pull-tested to compare with results from 25 mm 
sized rebar.  The toe ends of both sizes of rebar are shown in Figure 4.12.  These tests were 
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conducted to compare the average bond strength results along both the resin-rock and resin-rebar 
contact areas, between both sizes of rebar.   
Testing the 16 mm diameter rebar required the hole size diameter to be decreased from 36.5 mm 
to 28.5 mm.  When hole size is much greater than the rebar diameter, the rebar cannot mix the 
resin while it is being spun into the hole.  If hole size was not decreased, the rebar would not be 
large enough compared to the hole to effectively mix the resin.  When the resin does not completely 
mix, portions of it will remain uncured and provide no support to the system.  Reducing the hole 
size to 28.5 mm for the 16 mm diameter rebar provided an annulus size of approximately 6.25 mm.  
The 25 mm diameter rebar were placed in a 36.5 mm diameter hole and had a similar annulus size 
of 5.75mm.  These hole sizes followed guidelines provided by the supplier (DSI) and conformed 
to standard practice at the Allan mine. 
 
Figure 4.12 25 mm size rebar next to 16 mm size rebar 
The 16mm rebar pull test results were compared to the “North70” site results.  The 16 mm rebar 
were installed in the centre of a development entry located 6 miles north of the mine shafts.  Like 
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the “North70” test site, this area was located more than 300 metres from active mining and had 
been open for nearly a decade.  The name of this location was “East305,” as per the entry’s name 
at the Allan mine.   
The only other difference between the “North70” and “East305” test sites, besides the rebar and 
hole sizes, was the machine used for installation.  Rather than being installed by the usual bolting 
machine used at the Allan mine, the smaller 16 mm rebar were installed with a stoper (Figure 4.13) 
due to the small cutting bit sizes needed to drill the holes.  Similar to the usual bolting machine, a 
stoper uses percussion drilling to form the hole; however, instead of using auger steel to remove 
cuttings from the hole, it relies on air flow and gravity to move the cuttings.   
Both the bolting machine and stoper result in a similarly smooth cored hole lining.  The main 
difference between the two machines was the additional manual labour required for the operation 
of the stoper and the lack of auger steel used to remove cuttings from the hole while using the 
bolting machine.  The spin time for the rebar with the stoper was increased from 3 to 6 seconds to 
compensate for the fact that the stoper spins at 300 rpm rather than at 600 rpm for the bolting 
machine.  This ensured that approximately 30 revolutions were still used to mix the resin. 
Smaller collars were used on the 16 mm rebar to ensure that the load transferred effectively from 
the pull tester into the rebar, and did not concentrate on the rim of the rebar head.  These smaller 
collars had 24 mm diameter holes as opposed to the pull collars for the 25 mm rebar which had 34 
mm diameter holes in the centre.  The same square plates used on the 25 mm rebar were also used 
on the 16 mm rebar.  Similar construction techniques were used for resin dams and measurements 
were done on both sizes of rebar.  The only modification made to the resin dams on the smaller 16 
mm rebar was that the PVC tubing used had an inner diameter of 15.8 mm, rather than 25.4 mm.    
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Figure 4.13 (a) Stoper used for installing 16 mm rebar and (b) Operating the stoper  
 
a) b)
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4.2.3.5. Conditions of Resin after Sliding 
A separate population of rebar was installed with the intention of using a bond length short enough 
to enable the pull-testing apparatus to pull the rebar free from the hole, as damage to the resin is 
visible only when the rebar is completely removed from the hole.  Ten 25 mm rebar were prepared 
with 100 mm bond lengths.  One, 300 mm long resin cartridge (the smallest length available) was 
inserted.  These rebar were installed near the “South Storage Bin” testing site.  Since these rebar 
were pulled to the point that they pulled free from the hole, the string potentiometer was not used 
to measure deformation as it would have been susceptible to damage.  Instead, the peak load 
applied during the test before the rebar began to dislodge from the hole was recorded.  After 
removing the rebar from the hole, visual observations were made of the rebar and a bore hole 
camera was used to note the condition of the hole.   
4.2.4. Pull-Test Quality Control  
This section outlines measures used to control the quality of installations for the rebar specimens.  
In general, for all installations, there were a few variables that could not be controlled as they 
depended on the operators of the bolting equipment.  Operation of this equipment could 
occasionally result in less than perfect installations.  Attention was given to noting when an 
installation did not go according to regular procedure so that test results associated with these 
irregular installations could be interpreted and the results properly taken into account.   
To begin the installation, the auger style drill steel must be marked to indicate the correct depth of 
the hole.  Hole depth was 2.45 m (50 mm longer than the rebar, to ensure good toe bond of the 
rebar).  This marking was generally accomplished with a bright colour of spray paint on the drill 
steel (Figure 4.14).  One operator would then control the drilling of the hole while the other 
operator would be in charge of placing the drill steel onto the drill and aligning it to drill vertically 
into the potash back.  The rebar were installed using a square 1.2 metre by 1.2 metre spacing 
pattern.  This spacing pattern is used as the standard pattern at the Allan mine and was familiar to 
the operators.   
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Figure 4.14 Auger drill steel marked with paint on bolter 
Drill speed was dependent on the skill level of the operator, with more experienced operators using 
a medium speed (300 RPM) to drill the hole with a consistent advance.  Inexperienced operators 
either drilled very slowly (below 300 RPM) or too quickly (~600 RPM).  Drilling speed could 
affect the quality of the installation (hole irregularity, roughness, and depth); incorrect drilling 
speed was occasionally noted.  Variability occurred in the position of the drill hole and the angle 
of the drill hole (away from vertical).  The accumulation of dust sometimes caused the drill steel 
to become jammed in the hole when drill speed wasn’t well controlled.  This resulted in holes 
featuring a lot of debris and very rough walls.   
After the hole was drilled, the resin cartridges would be inserted into the hole with the assistance 
of plastic “birdies” used to help hold the resin up the hole before the rebar was inserted.  Figure 
4.15 shows a resin cartridge with the “birdie” attached.  The operator would spin the rebar slowly 
while inserting it into the hole to allow the rebar to break open and rip apart the resin cartridges 
once it reached the top of the hole.  As soon as the rebar was fully inserted, the operator was 
required to spin the rebar at full speed (600 RPM) for 3-5 seconds to achieve the recommended 
number of revolutions for mixing (DSI, 2008).  This is known as the spin time, and is based upon 
the type of resin being used.  The rebar was then held in place in the hole with the bolter for at 
least one minute; this is the hold time and again is based on the resin type being used.  The hold 
time allows the resin to set and begin to cure.   
Top of painted 
section marked 
where drilling 
should stop 
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Figure 4.15 Resin cartridge with birdie attachment 
The author was always present during installation to ensure that the same procedure was used for 
each of the test rebar used in this research project.  When possible, rebar specimens were still 
tested after operators made errors in the installations such as: over-drilling, over-spinning the resin 
or not completing the proper hold time.  Errors were noted to observe their effect on the bond 
strength and became part of the study.  Installation practice at Allan did not include cleaning out 
the holes after drilling.   
Controlling the quality of the materials used was completed by taking precautions with each set of 
materials: 
 The test rebar were taken from the same heat batch; 
 Plates and collars used were inspected to ensure they were in good condition and were not 
corroded or damaged;   
 Resin required the highest level of control.  Since storage of resin underground at high 
temperatures (27o to 30o) can decrease the shelf-life by as much as 50% (Stare, 2012), the 
resin used was always inspected beforehand, and only resin that had been stored for less 
than 2 months was used.  This is well within the 6 month storage life limit used by engineers 
at the Allan mine.   
4.3. Pull Test Data Reduction  
Traditionally, pull tests are conducted until the support load capacity decreases following 
attainment of a peak value.  This coincides with the frictional bond resistance dropping to a residual 
value as described in Section 2.5.  The assessment of traditional pull testing data consists of simply 
recording the peak load, ideally coupled with deformation measurements.  However, given the 
Plastic Birdie 
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inconsistent behaviour of resin anchored rebar when only mechanical friction remains to resist 
load (Cook, 1993), this research involved determining the load at which adhesion was lost.  The 
point of adhesion loss was assessed to develop minimum safe separation dilation guidelines.  It 
was difficult to non-subjectively identify a discrete load which corresponded to initial sliding of 
the rebar using a load versus cumulative deformation plot.  However, preliminary testing showed 
a fairly constant plot of incremental deformation at low loads, often followed by a marked increase 
in incremental deformations.  As described elsewhere (Feldman and Bartlett, 2007), the point at 
which adhesion is lost can be indicated by a significant increase in the rate of slip (incremental 
deformation).  Therefore, the load at which incremental deformation began to increase 
significantly, as identified from a review of the raw data obtained, could be approximated as the 
load at which adhesion was lost (initial sliding load).   
The following section describes the data reduction method conducted on raw data to determine the 
initial sliding load, and to determine the resulting average bond strength.  The theory behind the 
estimated rate of incremental deformation expected for each pull test in the field is included.  
Expected incremental deformation values were used to put limits on which data was acceptable. 
Only acceptable results were included in calculating average bond strength values.   
4.3.1. Estimated Pull Test Deformation  
Deformation of the rebar that occurred during the pull test occurred along both the free (not 
bonded) length of rebar and the bonded length of rebar.  Figure 4.16 shows a schematic of a resin 
anchored rebar specimen used in this research project.  The free length of rebar carried the total 
applied load, P, while the bonded length of rebar only carried a load which diminished with bonded 
distance as the load was transferred to the rock through the resin-rebar bond, resin, and resin-rock 
bond.  The load distribution in the bonded length of rebar, T(x), depends on the bond strength 
provided by the resin and rock surfaces.   
Elongation along the free length of rebar, efs, can be calculated using Equation 4.1, since the load 
applied was constant along this entire free length, lf.  For the bonded length, the average bond 
stress on either of the two interfaces can be approximated by using a constant value before adhesion 
was lost and sliding of the rebar occurred (Cook, 1993; Feldman & Bartlett, 2007).  At low loads 
P, only a portion of the bond length was required to resist the tensile load.  If a constant bond 
strength was available, this portion of the bond length (loaded length, ll) increased linearly with 
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the applied load, up to a maximum value, Pmax.  At the maximum applied load Pmax, the loaded 
length was equal to the total bond length available.  At this point, adhesion was lost and sliding 
initiated.  If the maximum applied load reached at the time of initial sliding was less than the load 
required to yield the rebar, the pre-sliding deformation was estimated using the elastic properties 
of the rebar.   
 
Figure 4.16 Schematic of pull test: (a) Pull test specimen; (b)Rock segment at loaded end; (c)Resin segment at loaded end; 
and (d) Rebar segment at loaded end 
efs = 
ܲ
ܣ௦ܧௌ *	݈௙        																								    (4.1) 
 Where:  efs = Elongation of free length of rebar; 
P = Applied load; 
   As = Cross-sectional area of rebar; 
   Es = Young’s modulus of rebar; and 
   lf = Free length of rebar . 
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To determine the load distribution in the bonded length of rebar T(x), an approximation of the 
maximum applied load before initial sliding began was needed.  Preliminary testing results were 
used to approximate this initial sliding load.  The incremental deformation versus load was plotted 
for each of the initial twenty pull tests completed.  The optimum bond length would allow sliding 
to initiate at an applied load less than the load required to yield the rebar (21.2 tonnes for 25 mm 
rebar).  If the bond length was too long, sliding would not initiate until applied loads were beyond 
that required to yield the rebar.  In this case, defining the load at which sliding initiates would not 
be possible.  If the bond length was too short, it would be too sensitive to small variations in the 
installed bond length (Smith, 2008).   
Table 4.2 shows the average results for the preliminary tests completed.  The shortest bond length 
with consistent results (a low coefficient of variation) was the 510 mm length.  These results show 
that the 510 mm bond length did not allow the maximum applied load to exceed the load required 
to yield the rebar.  Also shown are the values for bond strength when the initial sliding load is 
divided by the bond length and by the nominal rebar and resin contact areas respectively.  Results 
for the 560 mm and 610 mm bond lengths show that these lengths are also acceptable; however, 
using the shorter bond length minimizes the chance of initial sliding load values exceeding the 
yield load.  The 460 mm bond length had more varied results; this length appeared to be too short 
to test as consistently as the others.   
The results from these four preliminary test lengths were then used to estimate the maximum 
applied load (initial sliding load) and determine a linear relationship between load applied and the 
loaded length.  Figure 4.17 shows the load versus incremental deformation plots for the four 510 
mm bond length tests.  As per Feldman and Bartlett (2007), the load at which adhesion is lost 
would be marked by an increase in the rate of slip, or incremental deformation.  Figure 4.17 shows 
that this average load is at approximately 18 tonnes.  This was used as the approximation for the 
maximum applied load before sliding initiated.   
Using the assumption that a constant and uniform bond stress exists before adhesion is lost (Cook, 
1993; Feldman & Bartlett, 2007), a linear load distribution can be approximated along the bonded 
portion of the rebar.  The 18 tonnes at the loaded end would linearly decrease to a value of 0 over 
the bonded length.  Figure 4.18 shows the load distribution along the bonded length of rebar based 
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on an assumed constant bond stress.  The load distribution function, T(x), can be defined using the 
slope and intercept of the line in Figure 4.18.  Equation 4.2 defines the assumed linear load 
distribution based on the 510 mm bond length tests on 25 mm diameter rebar.   
Table 4.2 Preliminary pull test results 
Bond 
Length 
(mm) 
Initial 
Sliding 
Load 
(tonnes) 
Initial 
Sliding 
Load 
Standard 
Variation 
(tonnes) 
Initial 
Sliding 
Load 
COV. 
(%) 
Bond 
Strength 
(Linear) 
(tonnes/m) 
Resin-
Rebar 
Bond 
Strength 
(MPa) 
Resin-
Rock 
Bond 
Strength 
(MPa) 
# of 
Rebar 
Tested 
610 20.2  0.402 1.99 33.2 4.14 2.84 5 
560 17.1  0.975 5.70 30.6 3.83 2.62 4 
510 17.4  1.05 6.05 34.3 4.28 2.93 4 
460 16.3  2.55 15.62 35.7 4.45 3.05 4 
 
 
Figure 4.17 Load versus incremental deformation from initial tests 11-14 (510 mm bond length tests) 
 
Figure 4.18 Linear load distribution approximated from preliminary testing 
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Deformation of both the free length and the bonded length can be approximated by combining 
Equations 4.1 and 4.2 into Equation 4.3.  The first portion of Equation 4.3 determines the 
deformation of the rebar along the free length, while the later portion applies the load distribution 
to approximate the deformation of the rebar along the bonded length.  In this equation, the shear 
deformation of the resin and deformation of the rock mass are not accounted for.  Testing to 
determine the shear modulus of the resin was not conducted as a part of this research project.  This 
was due to difficulty in reproducing a resin sample in the lab with the properties of the resin used 
in the field.  Further work towards this is recommended for the future.  The area of the rock which 
is influenced by the test is unknown, so the deformation of the rock is unable to be included.  It is 
recognized that this approach may underestimate the actual deformation of the free end of the 
rebar, however, the equation is a useful approximation for estimating the general trend in 
deformation as a function of load.   
ݏሺݔሻ 	ൌ 		 ܲܣ௦ܧௌ *	݈௙ ൅ ൬
1
ܣ௦ܧ௦		൰නܶሺݔሻ݀ݔ
௫
଴
	                          (4.3) 
Using Equation 4.3, the deformation which occurred as the applied load and the loaded length 
increased up until the adhesion is lost was plotted for the 25 mm rebar.  A similar approximation 
was completed for the 16 mm rebar.  Using the approximation from Equation 4.3, Figure 4.19 
shows the expected incremental deformation from the 25 mm diameter rebar which ranged from 
0.21 mm/tonne to 0.26 mm/tonne.  The range for the 16 mm diameter rebar was 0.62 mm/tonne to 
0.66 mm/tonne.   
Due to the removal of the influence of the resin and rock components from the equation, this 
approximation was conservative compared to deformation values measured in the field.  Figure 
4.20 displays the expected incremental deformation for the 25 mm diameter rebar versus all 
measured incremental deformation from field tests.  In Figure 4.20, measured values are typically 
larger than expected.  This is due to the components of deformation not accounted for, as well as 
error associated with the testing method.   
  
 
79 
  
 
Figure 4.19 Estimated load versus incremental deformation for 25 mm rebar  
 
Figure 4.20 Expected incremental deformation versus all measured results 
With the variability that typically exists in field testing, error in field data was expected due to the 
accuracy of the instruments as well as from the variable conditions in the mining environment.  
For example, the load gauge on the pull testing equipment could only be read to +/- 0.5 tons (0.45 
tonnes) and, given the 1 tonne measurement increment, a 50% error range to the load values 
recorded was possible.  Therefore, it was expected that field values may fall outside of the expected 
incremental deformation ranges, and that an acceptable range of error would be needed.  
Considering the large degree of variability found in the field (Figure 4.20), a limit of +/- 100 % 
was placed on these ranges.  This 100% range on the estimated values allowed for limits to define 
acceptable data, while also acknowledging the inevitable variation in data obtained in field testing.  
If too many test results were discarded, the validity of the testing and interpretation would be put 
in question.  Figure 4.20 shows that most field data plotted within the 100% error range.  The 
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acceptable incremental deformation ranges were 0 to 0.52 mm/tonne for the 25 mm rebar and 0 to 
1.30 mm/tonne for the 16 mm rebar.  These acceptable range limits of incremental deformation 
were drawn on each load-versus-deformation plot.   
An allowance for error, added to the expected incremental deformation ranges from Equation 4.3, 
provided for the development of guidelines to determine acceptable field data.  Data points that 
fell outside the established boundaries were considered suspect and were interpreted in more detail 
to determine if testing errors had occurred.   
The procedure for determining the initial sliding load from each raw data set is outlined in 
Appendix D.  Along with data falling outside the acceptable incremental deformation ranges, data 
did not always display a distinct point at which the incremental deformation began to increase.  
Some deformation data showed constant behaviour at low loads, making it difficult to determine 
the point at which adhesion was lost.  Figure 4.21 displays the typical incremental deformation 
plot with a typical result.  The incremental deformation was initially near constant, followed by a 
significant increase, indicating adhesion loss.  In contrast, Figure 4.22 displays a pull test with data 
where it is difficult to distinguish the initial sliding load where adhesion is lost; therefore, the initial 
sliding load could not be estimated.  
 
Figure 4.21 Load versus incremental deformation typical result – test 76 (initial sliding load of 19.5 tonnes) 
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Figure 4.22 Load versus incremental deformation result with no clear initial sliding load – test 68 
4.4. Pull Test Results  
This section presents the average pull test results for each set of tests as described in Section 4.2.3. 
Plots of load versus both cumulative and incremental deformation for each test are provided in 
Appendix E.  The plots are used to determine the following properties for each test: the initial 
sliding load, and the bond strength per metre of anchorage, and the stress on both the resin-rebar 
and the resin-rock interfaces (bond strength for each interface).  Load results are reported in tonnes 
rather than in kilo-Newtons for field testing to adhere with mining convention.   
The average results for all tests are tabulated in this section.  Of the 110 pull test specimens 
installed, a total of thirteen of these test rebar were either damaged by mining equipment after 
installation or were installed improperly resulting in the tests not being carried out. Errors in six 
tests included: over-drilling the hole length, over spinning the resin, or using improper hold times.  
These results are included at the end of this section and are not included in calculations of average 
values.  These results are valuable in terms of emphasising the importance of proper installation 
procedure in the field.   
A total of nine tests included incremental deformation data points which fell outside the acceptable 
range, preventing an initial sliding load from being determined.  Four additional tests did not 
display a distinct deviation in the incremental deformation data, so an initial sliding load could not 
be determined.   
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As described in Section 4.2.1, preliminary testing completed on 25 mm rebar included four 
different bond lengths.  It was shown in Section 4.3.1 that the 510 mm bond length was selected 
as the bond length to be used for all 25 mm rebar tests.  All results for 25 mm rebar that are listed 
in the following sections used a 510 mm bond length.  It was described in Section 4.2.3.4 that the 
16 mm diameter rebar used a 180 mm bond length, based on the results of the preliminary testing.   
4.4.1. Pull Test Results Determining the Effect of Increased Resin Cure Time 
Results from the “North70” test site were used to determine if there was any significant effect on 
the bond strength achieved with an increase in the resin cure time.  The cure time ranged from 2 
to 125 days.  An average initial sliding load of 18 tonnes, with a coefficient of variation of 7.6% 
was obtained from the raw data.  Table 4.3 shows the average data collected from the “North70” 
test site.  Of the twenty rebar installed at this location, one was installed improperly, and there was 
no initial sliding load that could be determined for three tests.  Sixteen tests were therefore used to 
calculate the average results shown in Table 4.3.  
Figure 4.23 shows the bond strength results versus cure time.  The data on Figure 4.23 shows a 
minor trend suggesting a small decrease in the bond strength over a time frame of four months.  A 
linear trend plotted on Figure 4.23 suggests a slight decline in bond strength versus cure time of 
0.01 tonnes/metre/day; however, this change in bond strength over the 125 day time frame (1.25 
tonnes/metre) is less than the standard deviation measured from this population (2.8 tonnes/metre).  
This suggests this decline is not significant.  Therefore, a constant bond strength capacity can be 
expected from resin anchored rebar in an area without active mining.   
Table 4.3 Average results for 25 mm rebar at “North70” non-active test site (16 tests)  
 Initial Sliding 
Load  
(tonnes) 
Bond Strength 
(Linear) 
(tonnes/metre) 
Resin-Rebar 
Bond Strength 
(MPa) 
Resin-Rock 
Bond Strength 
(MPa) 
Average: 18 36 4.5 3.1 
Minimum: 16 32 3.9 2.7 
Maximum: 20 39 4.9 3.4 
Standard 
Deviation: 
1.4 2.8 0.35 0.24 
Coefficient of 
Variation: 
7.6% 
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Figure 4.23 Bond strength versus resin cure time from "North70" testing site   
4.4.2. Pull Test Results Comparing Active to Non-Active Mining Sites 
Results from the “North70” and “Borer 6” test sites were used to determine if a significant 
difference in average bond strength was noted between a non-active and an active mining area.  
Test rebar in the active area at “Borer 6” were installed when the active mining face was 
approximately 50 metres to the north and the age of the opening was 53 days.  At the end of the 
testing period, 318 days later, the active mining face had advanced away from the site to a location 
approximately 500 metres north.  The distance from ongoing mining and the age of the opening is 
related to stress conditions as described in Section 1.1.3.  In contrast, the “North70” site was more 
than 3000 days old and the nearest active mining face was more than 1000 metres to the north.   
Figure 4.24 shows the ground closure data collected in both areas.  Ground closure is measured 
using a linear potentiometer as described in Section 4.2.2.  The ground closure rates at “North70” 
were very low, averaging 0.1 mm/day, confirming that changing stress conditions were minimal 
in this area during the testing period.  Ground closure rates at “Borer 6” were typical of newly 
opened ground.  Initial movement was rapid at 0.9 to 1.0 mm/day and dropped off to around 0.3 
mm/day by the end of the testing period.  This data confirms that the test sites were in areas of the 
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mine experiencing different stress change conditions and were representative of active and non-
active mining areas.   
Table 4.4 shows the average data collected from the active mining test site.  Of the forty rebar 
installed at this site, twenty-five had results where an initial sliding load could be determined: five 
were installed improperly, six were damaged after installation but before testing, and four had 
results for which the initial sliding load could not be interpreted.  Figure 4.25 shows the results for 
bond strength at the active site over the duration of the testing period.   
Table 4.3 shows the average data collected from the non-active mining site.  There is not a 
noticeable difference between the results of average bond strength from “North70” and “Borer 6” 
as the minimum and maximum ranges overlap (Figure 4.26).  Increased variation in average bond 
strength at the active site is likely due to test population size being 50% more than from the non-
active site.  The average bond strength from the active site was 5.5% more than from the non-
active site.  A t-test conducted with the data from the active and non-active mining areas showed 
that the difference in average bond strength determined is not significant (This calculation is shown 
in Appendix E).   
 
Figure 4.24 Comparison of active and non-active mining area closure rates 
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Table 4.4 Average results for 25 mm rebar in active potash zone (25 tests) 
 Initial Sliding 
Load 
 (tonnes) 
Bond Strength 
(Linear) 
(tonnes/metre) 
Resin-Rebar 
Bond Strength 
(MPa) 
Resin-Rock 
Bond Strength 
(MPa) 
Average: 19 38 4.7 3.2 
Minimum: 13 26 3.2 2.2 
Maximum: 22 43 5.4 3.7 
Standard 
Deviation: 
1.9 3.7 0.46 0.31 
Coefficient of 
Variation: 
9.7% 
 
 
Figure 4.25 Bond strength versus time since installation at the active mining site   
 
Figure 4.26 Range of bond strength determined at both active and non-active test sites 
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4.4.3. Pull Test Results Comparing Rebar Anchored in Potash and Halite Horizons 
Results from the “North70” (Table 4.3) and “South Storage Bin” test sites were compared to 
determine if the rock type that the rebar was anchored to had a significant effect on the average 
bond strength.  The average results from the rebar installed at the “South Storage Bin” site are 
shown in Table 4.5.  One rebar was damaged by mining equipment after installation and could not 
be tested.  The testing of a second rebar was discontinued following a malfunction of the hydraulic 
cylinder.  Testing of the remaining eight rebar at this site had unique challenges compared to all 
other testing sites.  Only four of the remaining tests produced a load versus incremental 
deformation plot with a clear initial sliding load.  Considering the small sample size, the results 
may not be representative of actual resin anchored rebar behaviour when anchored to halite.   
The difficulty in observing the initial sliding load was unique to the “South Storage Bin” test site 
in that the behaviour observed from the incremental deformation plots were not observed at any 
other test site.  This behaviour included large spikes in incremental deformation at low load values 
followed by a return to the initial constant values.  Figure 4.27 shows an example of this type of 
pattern.  Also, loud pops as the rebar slid out of the hole were observed.  The behaviour is unusual 
in that the rebar appeared to lose adhesion, slide quickly, and then regain a slip rate similar to that 
of when adhesion still existed.   
Given the small number of tests, any conclusions about this pattern would be speculative.  This 
speculation includes that gaps in the resin, either by presence of air or the resin cartridge plastic 
wrapper, may have caused uneven loading.  The large increases in incremental deformation would 
be caused when load was distributed over these poorly mixed sections.  Further testing would be 
required to determine if these were anomalies or if this type of behaviour is specific to resin 
anchored rebar anchored to halite.   
The average bond strength determined for the rebar installed at the “North70” site was 36 
tonnes/metre while the average bond strength determined from the four tests anchored in halite 
was 35 tonnes/meter.  These results indicate similar average bond strengths for potash and halite 
zones but are questionable due to the small number of successful tests at the “South Storage Bin” 
location.   
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Table 4.5 Average results from halite anchored pull tests at "South Storage Bin" site (4 tests) 
 Initial Sliding 
Load 
 (tonnes) 
Bond Strength 
(Linear) 
(tonnes/metre) 
Resin-Rebar 
Bond Strength 
(MPa) 
Resin-Rock 
Bond Strength 
(MPa) 
Average: 18 35 4.4 3.0 
Minimum: 14 27 3.3 2.3 
Maximum: 22 42 5.3 3.6 
Standard 
Deviation: 
3.8 7.4 0.93 0.64 
Coefficient of 
Variation: 
21% 
 
 
Figure 4.27 Large spikes in incremental deformation plot observed on rebar anchored to halite 
4.4.4. Effect of Resin Contact Area 
This section compares the results of the 25 mm sized rebar tested at “North70” test site (Table 4.3) 
to the 16 mm sized rebar tested at “East305” test site (Table 4.6). Ten samples were tested and all 
tests were successfully installed and had easily identified initial sliding loads.  Comparison 
between the initial sliding load and bond strength values determined from the 16 mm and 25 mm 
tests was completed to identify the weakest material or surface in the support system.  
The average initial sliding load for the 16 mm and 25 mm diameter rebar can be used to calculate 
the maximum bond stress at the resin-rock and resin-rebar interfaces.  It can be assumed that the 
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same interface is failing for both sizes of rebar.  It can also be expected that the failing interface 
should have a constant bond stress when sliding initiates.  For the 16 mm rebar, the average resin-
rebar bond stress was 5.8 MPa and the average resin-rock bond stress was 3.2MPa when the initial 
sliding load was achieved.  For the 25 mm rebar, the average resin-rebar bond stress was 4.6 MPa 
and the average resin-rock bond stress was 3.1 MPa.  Figure 4.28 displays average bond strengths 
determined for each resin contact area.  The average bond strength found along the resin-rock 
contact area remains constant while increasing resin-rebar contact area resulted in lower values 
over the range of contact areas tested.  This data indicates that sliding initiates on the resin-rock 
interface at a bond stress near 3 MPa.    
These results suggest that failure of the rebar is a result of adhesion between the resin and rock 
surfaces being exceeded.  When this occurs, sliding initiates and the capacity of the rebar becomes 
less predictable since it is dependent on the sliding friction available.  Using the data from 
preliminary tests, as well as the “North70” 25 mm diameter rebar and the 16 mm diameter rebar 
tests, Figure 4.29 shows the suggested linear increase of the initial sliding load with an increased 
resin-rock contact area.  
Table 4.6 Average results from 16 mm rebar pull tests (10 tests) 
 Initial Sliding 
Load 
 (tonnes) 
Bond Strength  
(Linear) 
(tonnes/metre) 
Resin-Rebar 
Bond Strength 
(MPa) 
Resin-Rock 
Bond Strength 
(MPa) 
Average: 5.1 29 5.8 3.2 
Minimum: 4.2 24 4.9 2.6 
Maximum: 7.0 39 8.2 4.3 
Standard 
Deviation: 
0.91 5.0 1.1 0.56 
Coefficient of 
Variation: 
18% 
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Figure 4.28 Average bond strength versus resin contact area  
 
Figure 4.29 Initial sliding load versus resin-rock contact area size 
4.4.5. Results of Short Bond Length Tests  
Testing of 25 mm rebar with short, 100 mm bond lengths was conducted in an effort to observe 
the physical damage resulting from resin anchored rebar being pulled completely out of the hole.  
Results from these tests included only the peak load recorded during each test.  The peak loads 
recorded during each test can be found in Appendix E.   
Two of the rebar were damaged by mining equipment after their installation but before they could 
be tested.  Of the remaining eight rebar, four were able to be completely pulled from the hole.  The 
stroke length of the hydraulic cylinder on the pull tester was 300 mm, if the rebar did not pull free 
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within the first 300 mm of sliding, the pull tester was not able to be braced against the rock to 
apply additional load to the rebar.  The four rebar which did not pull free had adequate mechanical 
friction to resist the loads applied by the pull tester over the stroke length.  Figure 4.30 shows 
where the pull testing apparatus was still attached to a rebar which was unable to be pulled free 
after load had been applied over the full stroke length.   
Figure 4.31 shows a test rebar which was fully removed from the hole.  Resin is still visible on this 
rebar but some was notably missing.  This was the general result for each of the rebar which pulled 
free from the hole.  It was observed that by the time the rebar pulled free, quite a bit of resin had 
crumbled into small pieces and fallen out of the hole during the test (Figure 4.32).  A view up the 
hole with a borehole camera revealed the rest of the broken up resin at a location approximately 
0.6 metres into the hole (Figure 4.33).   
This observation of resin in the hole, approximately 1.8 metres below its original location, 
indicates that the resin was being dragged out along the rock surface by the rebar.  The pieces of 
resin falling out of the hole during the test were probably a result of the resin being damaged during 
this dragging process and breaking free from the rock and rebar.   
 
Figure 4.30 Test rebar after sliding the full stroke length of the apparatus 
Rebar specimen was pulled out the full 
stroke length but still held in place 
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Figure 4.31 Rebar sample pulled from hole 
 
Figure 4.32 Broken up resin (grey particles) fallen from hole after pull test 
Resin and cartridge 
wrapper left on rebar 
Resin dam  
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Figure 4.33 Borehole camera view of resin still in hole after being dragged down by rebar 
4.4.6. Effect of Poor Installation Practices 
Improper installation practices were noted so their effect could be observed.  These test results did 
not contribute to the averages calculated from each test site, but did provide valuable information 
regarding the effect of not adhering to the correct installation procedure.  Improper installation was 
not a common occurrence, but six of the 110 installations were affected by improper practices.  
Errors made during installations for this research project included: 
 Over-drilling the hole length (causing resin loss to the top of the hole); 
 Not following proper spin times (over spinning resin causing it to break-up in 
hole);  
 Not following proper hold time (resin does not set properly before resisting load).   
The average initial sliding load observed for all 25 mm diameter rebar was 18.7 tonnes.  Figure 
4.34, shows an example of a rebar which has been installed into a hole which was over-drilled in 
length (Test 62).  The hole was over-drilled by 94 mm, creating a volume above the rebar 2.9 times 
larger than the volume created by drilling the hole length to be 50 mm longer than the rebar length 
Resin in Hole 
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as per standard practice.  In this case, 26% of the resin installed was lost to the extra length drilled 
at the top of the hole.  The initial sliding load in this case has decreased to 12 tonnes, a 36% 
decrease from the average value observed.  Test 21 (Figure 4.35), which was over-spun, had an 
initial sliding load of approximately 7 tonnes, a 63% decrease from the average value.  It is 
therefore evident that proper installation procedures must be followed to get the expected capacity 
of the resin anchored rebar.    
 
Figure 4.34 Improperly installed rebar (over drilled length) results:  Initial sliding load of 12 tonnes 
 
Figure 4.35 Improperly installed rebar (overspun) result: Initial sliding load approximately 7 tonnes 
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5 Discussion of the Results  
 
The general goal of this research project was to determine the failure mechanism for resin anchored 
rebar in potash.  To reach this goal, a simple, inexpensive pull test procedure was developed.  This 
section discusses the significance of this testing method and the results, sources of error, and 
challenges encountered during testing.  A brief discussion of how the results can be applied in 
industry, relating measured field deformation to the load on installed resin anchored rebar, is also 
covered.  
5.1 Field Testing Sources of Error and Suggested Improvements 
The pull testing method at the Allan mine has been improved by applying simple resin dams and 
the use of inexpensive string potentiometers.  The materials required are readily available and the 
process does not require significant additional effort over current pull test techniques.  The test 
method involves measuring the initial sliding load when adhesion is lost, rather than a peak load 
which is often due to mobilized mechanical friction, which can occur after significant sliding of 
the rebar.  Establishing the capacity of the support system at the point where adhesion is lost 
provides a conservative load limit upon which engineers can base their ground support 
calculations.  Although the testing method has been improved by using a string potentiometer as 
the means for measuring deformation, the method was not without challenges.  During the project, 
observed sources of error resulting from the selected testing method were recorded. 
The deformation and load measurements involve a degree of error due to instrument accuracy, as 
discussed in Section 4.2.2.  Reading error may also be a factor since the instrumentation was read 
manually in the poorly lit dusty mine environment.  A pull testing apparatus equipped with the 
means to measure and record deformations and/or load electronically using a laptop or data logger 
would improve the accuracy.  However, complicating the testing procedure and increasing the 
expense of conducting such tests underground would be deterrents to completing additional 
testing.  Using a method as outlined in this research project simplifies the process and decreases 
the associated costs.  Mine engineers could use a test like this to conduct their own periodic quality 
control testing to increase their knowledge of the capacity of resin anchored rebar.   
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An error in the test procedure that was not easily identified occurred when the string line was not 
securely attached to the rebar head (Section 4.2.2).  Although the rebar head was cleaned before 
the test, and the string was fully immersed in epoxy and held in place with electrical tape while 
the epoxy set, the bond did not always hold throughout the test.  If the string line slips from the 
epoxy during a test, it could be very difficult to detect.  At low loads (0 to 5 tonnes), this error 
could be detected if deformation continued without the application of additional load.   
A potential problem with an uneven back and tilted equipment was discussed in Section 4.2.2 and 
shown in Figure 4.9.  Equipping the apparatus with bolts attached to a plate that would help to 
brace and level the hydraulic cylinder against the back could possibly resolve this issue.  This type 
of plate is often used in hard rock mines where the rock surface is much more uneven than what is 
found in potash mines.  Figure 5.1 from ASTM 4435 (ASTM, 2008b) shows a common method 
of bracing equipment.  Bolts are tightened to brace a loading plate against the rock.  This type of 
equipment would be an asset in future testing.  Any bolts used in this manner would need to be 
modified to have a large contact area with the rock due to the soft nature of potash.  Otherwise 
bolts would likely compress into the rock during the tests.   
Some errors in the test were due to operator and equipment issues during installation.  DSI 
recommends 30 revolutions for proper mixing (DSI, 2008).  When the bolter is set to the maximum 
rotation speed of 600 rpm, an installation spin time of 3-5 seconds resulted.  There was no way to 
verify if the maximum 600 rpm was obtained at the maximum rotation speed setting; a lower 
setting speed could adversely affect the epoxy mix and resulting strength.  Due to the high demand 
and heavy use of the bolters in the mine, regular maintenance was not always possible and the 
maximum rotation speed may not always be achieved.  Poor performance of the hydraulics on the 
bolter could also affect the pressure applied during the recommended hold time for the resin to set.  
If the bolter was not able to sustain pressure to hold the rebar in place for one minute as 
recommended, the resin would not be given adequate time to set before supporting the dead weight 
of the rebar.  These factors were difficult to control, but could have an effect on the quality of the 
resulting bond between these materials.   
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Figure 5.1 Plate to brace pull tester against back modified from ASTM 4435-08 
Another error during installation is referred to as “gloving.”  Gloving occurs when the resin 
cartridge wrapper does not break up during mixing and ends up wrapping around the rebar, 
preventing the rebar from bonding with the resin.  The resin cartridge wrapper can also remain 
intact and end up covering part of the hole surface area preventing the resin from bonding to the 
rock.  There is no way to determine if this mixing error has occurred without pulling the rebar out 
of the hole: to do so, however, could also tear apart the large pieces of wrapper causing the 
problem.  In tests where larger magnitudes of incremental deformation (outside the acceptable 
range described in Section 4.3) were recorded, the interference of the resin wrapper on either one 
or both of the interfaces may have occurred.  
A large degree of variability in results occurred more often in field testing compared to lab testing.  
This is due to the reduced amount of control on test conditions.  The sources of installation error 
should be considered in any future testing to assist in the interpretation of field data.  The data is 
still useful as long as the shortcomings involved are well understood.  
5.2 Significance of Results 
This experimental program included both laboratory and field testing.  The laboratory testing 
was conducted to verify material properties of the steel rebar and determine the properties of the 
Bolts Tightened 
Against Rock to 
Brace Apparatus 
and Prevent Tilting 
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potash and halite located in the field pull testing sites.   Field testing was conducted to determine 
the failure mechanism and failure strength of the rebar support system. 
Laboratory testing involved, for the most part, standard tests to determine the mechanical 
properties of both rebar and rock samples.  The shear strength tests that were conducted on both 
the potash and halite samples involved constructing an apparatus to conduct a guillotine style shear 
strength test on cores taken from a potash mine.  This type of test is not commonplace for a potash 
mine core and is not documented in the literature.  There is scope for future testing to be conducted 
to determine whether the shear strength of potash and halite core is related to different loading 
rates and different magnitudes of confining stress.   
Section 4.4 highlighted the results of the field testing with respect to the main objectives of this 
research project.  Identifying the failure mechanism of resin anchored rebar support was the 
primary objective of the research.  The variability of the average bond strength was assessed by 
conducting pull tests in various locations around the mine and the results in Section 4.4 showed 
that no significant difference was apparent due to the proximity to active mining.  Results from 
tests where the rock type was varied were inconclusive and varying cure time had results which 
suggested a small decrease in average bond strength with resin cure time.  The results from Section 
4.4.4 indicated that the adhesion available on the resin-rock interface limits the initial sliding load 
value on short bond lengths.  Using data from all pull test sites, the average resin-rock bond 
strength was 3.2 MPa or 37 tonnes/metre for the 25 mm diameter rebar used at the Allan mine.  
This resin-rock bond strength value in potash mining was not previously available in literature.  
The calculated bond strength of 37 tonnes per metre can also be used to determine ground support 
requirements.  The load required for the 25 mm rebar to reach its yield strength is 21.2 tonnes.  
The minimum bond length required for a 25 mm resin anchored rebar to reach its yield strength is 
therefore 580 mm.   
In Section 2.3 it was described that pull tests commonly identify the peak load reached by resin 
anchored rebar.  This load can depend on the sliding friction available, which can be unpredictable 
and unreliable (Cook, 1993).  Given the findings of the current experimental program, a more 
conservative approach would be to use the resin-rock bond strength to determine what level of 
load will be developed before adhesion is lost.  Using this approach, a bond length of at least 580 
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mm is needed with the 25 mm rebar to ensure that adhesion loss does not occur before the rebar 
yields.  In situations where a bond length of 580 mm is not available, 25 mm diameter rebar could 
begin to slide out.  Figure 5.2 shows this situation where a bond length, which may be shorter than 
580 mm, may be supporting the total load on the rebar.   
Given the results from Section 4.4, the following failure mechanism for resin anchored rebar is 
proposed:  
 Adhesion loss and sliding initiates as a result of the average resin-rock bond strength 
being exceeded; 
 After adhesion loss, the support system may continue to sustain additional load due to 
sliding friction between the resin and rock surface, but this can be unpredictable (Cook, 
1993) and should not be relied upon. 
 
 
Figure 5.2 Length of resin anchored rebar responsible to sustain load 
If this length is not at least 0.58 metres, 
the yield strength won’t develop before 
adhesion loss occurs 
Resin 
Rebar 
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5.3 Estimating Load on Rebar from Measured Field Deformation 
The estimation of the capacity of installed rebar, based on measured field deformation, was the 
ultimate goal of this research.  Based on laboratory and field testing, an equation is proposed to 
link deformation measurements, at known discrete locations, to the maximum load on installed 
rebar support.  When rebar are fully embedded in resin, the load on the rebar cannot be estimated 
by mine personnel in the field by visual inspection as described in Section 1.1.  Axial load in the 
rebar initiates at layers of separation in the rock mass and this load is distributed along the bond 
between rebar, resin and rock.  Since the loading points on in-situ rebar are located at the 
separations which open up at discrete depths in the back, the deformation occurring in the rebar is 
not visible.  The width of these separations can be measured in empty test holes alongside the 
installed rebar, but no equation currently exists to estimate the load on the rebar given this 
deformation recorded in the field.   
Figure 5.3 shows a schematic of the deformation and associated load distribution along a resin 
anchored rebar in the field, adjacent to an opening fracture.  The deformation occurs due to a 
separation forming on a plane of weakness, often associated with a clay seam.  Simplifying 
assumptions are needed to develop an equation that can estimate the load associated with this 
deformation.  The load present due to a clay seam opening is assumed to be distributed along a 
length of the resin anchored rebar support system.  The load distribution is assumed to be linear, 
based on a constant average bond strength available before adhesion loss occurs.  This was shown 
graphically in Figure 2.10 in Section 2.5 (Cook, 1993; Feldman & Bartlett, 2007).   
A linear load distribution implies that the maximum load, present at the separation, will linearly 
decrease to zero over the loaded length.  For example, assume a separation has opened and induced 
an axial load of 18.7 tonnes on an installed rebar bolt installed across the separation.  Given that 
the bond strength for 25mm diameter rebar installed in a 36.5 mm diameter hole is 37 tonnes/metre, 
the loaded length ll, can be estimated as: 
݈௟ ൌ 	 ܯܽݔ݅݉ݑ݉	ܮ݋ܽ݀ܤ݋݊݀	ݏݐݎ݁݊݃ݐ݄	݌݁ݎ	݉݁ݐݎ݁ ൌ
18.7	ݐ݋݊݊݁ݏ
37	ݐ݋݊݊݁ݏ/݉݁ݐݎ݁ ൌ 0.51݉								ሺ6.1ሻ 
This loaded length would be present on both sides of the crack as the rebar resists the rock 
separating.  Given the field testing results, an axial load of 18.7 tonnes would be present at the 
crack and 0.0 tonnes 510 mm away, giving an average load of 9.4 tonnes.  The average strain, 
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corresponding to the average load in this example, would exist along a 510 mm bond length on 
either side of the separation.  The total deformation caused would equal the average strain 
multiplied by the loaded length on each side of the separation.  Solving for average strain and 
loaded length in terms of the load at the separation, Pmax, provides an estimate of the load on the 
rebar given the measured deformation, δ: 
ߜ ൌ 	2	ߝ௔௩௚	݈௟					ሺ6.2ሻ 
 where:  εavg = Average elastic strain along the loaded length; 
   ll = Loaded length; and 
   δ = Deformation measured at a separation in the field.  
 
Figure 5.3 In-situ rebar load and deformation schematic 
Loaded Length, ll 
Level of Axial Load 
Applied to Rebar, P 
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The average strain may be approximated using a linear relation, assuming the load remains in the 
elastic range.  Laboratory testing results showed a nominal value of the load required to yield rebar, 
Py.  The strain associated with the yield strength, εy, can be calculated using elastic theory.  Using 
the yield strain calculated, the strain associated with any load within the elastic limits may be 
calculated as:   
ߝ௔௩௚ ൌ 	ቆ ௔ܲ௩௚௬ܲ ቇ ߝ௬					ሺ6.3ሻ 
Where:  Pavg = Average load on rebar along the bonded length; and 
Py = Load required to yield rebar; and 
εy  = Yield strain. 
To define the loaded length in terms of load on the rebar, a relationship similar in form to Equation 
6.3 is used.  The loaded length, when the load equal to the nominal load required to yield the rebar 
is applied, can be solved for using Equation 6.4.  The loaded length associated with the nominal 
load required to yield the rebar can be defined as the yield load development length, lly.  The loaded 
length depends on the average bond strength; results from field testing on 25 mm rebar indicate 
the critical bond strength was on the resin-rock interface, u, and was equal to 3.2 MPa.  In the 
elastic range, the loaded length in-situ can then be calculated from the proportional relation shown 
in Equation 6.5.   
݈௟௬ ൌ 	 ൬ ௬ܲݑ	ܥ௛൰					ሺ6.4ሻ 
 where:  u = Average resin-rock bond strength; 
   Ch = Circumference of hole size used; and 
   lly = Yield load development length. 
݈௟ ൌ 	ቆ ௠ܲ௔௫௬ܲ ቇ ݈௟௬						ሺ6.5ሻ 
 where:  Pmax = Load on rebar at the location of the separation. 
The average load on the rebar, shown in Figure 5.3, is equal to half the load at the separation. This 
assumes the simplification of a linear load distribution is used.  The average load at the separation 
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can be substituted in Equation 6.3.  Equation 6.3 and Equation 6.5 can then be combined to define 
deformation measured in the field in terms of the maximum axial load in the rebar at the separation, 
Equation 6.6.   
ߜ	 ൌ 2	 ൥൭ቆ ௠ܲ௔௫ 2⁄
௬ܲ
ቇ 	ߝ௬		 ቆ ௠ܲ௔௫௬ܲ ቇ 	݈௟௬൱൩					ሺ6.6ሻ 
The unknown in Equation 6.6 is the Pmax term and therefore can be solved for.  Rearranging 
Equation 6.6 to solve for Pmax directly is shown in Equation 6.7.   
௠ܲ௔௫ ൌ 	ඨߜ൫ ௬ܲ൯
ଶ
ߝ௬	݈௟௬ 							ሺ6.7ሻ 
Equation 6.7 is limited to estimating loads resisted by resin anchored rebar that are within the 
elastic range.  This equation is valid when the separation on which the deformation is occurring is 
in a position such that there is at least a bond length equal to or greater than the yield load 
development length previously described (Equation 6.4) on each side of the separation.   For the 
25 mm rebar, this length is 580 mm.  If a shorter bond length is available, the rebar will begin to 
slide before the nominal yield load can be attained.   
Equation 6.7 provides a method of estimating the magnitude of fracture separation which results 
in yielding of the installed support.  When properties for the 25 mm diameter rebar from both 
laboratory and field testing are inserted into Equation 6.7, as shown above, it is estimated that a 
deformation of 1.3 mm is required to induce the nominal 21.2 tonne yield load.  Currently, the 
method of measuring deformation is as simple as using a measuring tape to manually collect 
separation magnitudes.  Manually reading measuring tapes would not be able to track deformations 
of less than 1.3 mm.  More accurate methods of measurement in the field are therefore required if 
the load on resin anchored rebar is to be monitored.   
21.2	ݐ݋݊݊݁ݏ ൌ 	ඨ ߜሺ21.2	ݐ݋݊݊݁ݏሻ
ଶ
0.0022	ሺ580	݉݉ሻ							 
     ߜ ൌ 1.3	݉݉	 
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6 Conclusions & Future Work Recommendations 
 
This chapter summarizes the conclusions drawn from the results of the laboratory and field testing 
programs.  Conclusions are drawn for each of the objectives, identifying the failure mechanism, 
assessing the variation in average bond strength, and forming an equation to estimate in-situ loads 
on resin anchored rebar.  Recommendations for future work are also described in this chapter.  
Field testing of resin anchored rebar in potash previously has been limited and continuing testing 
will improve the application of this type of support.  
6.1 Conclusions 
The experimental program described herein has resulted in the development of a simple, 
inexpensive, and repeatable testing method that can be employed by mine engineers to conduct 
quality control tests on resin anchored rebar in potash mines.  One hundred and ten field pull tests 
were conducted in the Allan mine.  Only limited and isolated testing of resin anchored rebar has 
been conducted in potash mines prior to this research.  A large database of test results has resulted 
from the experimental program and serves as a reference for future testing.  The data reduction 
methods and analysis of results has been presented and can be followed for future testing.   
6.1.1 Failure Mechanism of Resin Anchored Rebar in Potash 
Results from this project indicate that the average bond strength achieved along the resin-rock 
interface limits the capacity of resin anchored rebar with short bond lengths in potash.  Adhesion 
loss occurs and sliding initiates when the bond stress along this interface reaches an average stress 
of 3.2 MPa.  Results suggest, but do not definitively conclude, that increasing the contact area of 
the resin-rock interface increases the initial sliding load, and is limited by the yield strength of the 
size of rebar used.  At the Allan mine, use of a 36.5 mm diameter hole to install 25 mm size rebar 
resulted in an average bond strength of 37 tonnes/metre.  A bond length of 580 mm is therefore 
needed to develop the nominal yield load for the 25 mm rebar used (21.2 tonnes).   
6.1.2 Variability of Average Bond Strength  
Conducting pull tests in various locations at the Allan mine was used to investigate the variability 
of average bond strength when cure time, proximity to active mining, and rock type were varied.  
Results from testing which varied cure time showed the average bond strength did not significantly 
vary with increasing cure time.  Analysis of results from testing where proximity to active mining 
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was varied determined no significant difference between the active and non-active sites.  The 
difference in confining stress magnitude at the active and non-active sites may impact results where 
the additional capacity of the system provided by friction is assessed. The magnitude of confining 
stress does not impact the adhesion between materials therefore; no difference between these two 
test sites was noted.  Results with respect to the effect of rock type were inconclusive.  The highly 
variable results may be attributed to poor mixing, or these results may be unique to rebar anchored 
to halite.  Further testing is required with respect to the effect of rock type on the average bond 
strength.  
6.1.3 Development of an Equation to Estimate Load on In-Situ Resin Anchored 
Rebar in Potash 
An equation to estimate the load on in-situ resin anchored rebar was developed based on the 
mechanical properties defined in laboratory and field testing, and the deformations measured in 
the field.  The equation is relevant only when the reinforcement remains within the elastic range.  
Previously, no such equation was available.  The deformation estimated using this equation 
indicates that less than 2 mm of separation will cause loads in the 25 mm diameter rebar to exceed 
the elastic limit.   
The small amount of movement estimated along bonded sections highlights the stiff nature of resin 
anchored rebar ground support.  An understanding that resin anchored rebar in potash will allow 
minimal movement within their elastic range is valuable to engineers in the field.  When 
deformations exceed the elastic range estimate, it may indicate the support is yielding, or that it is 
not fully bonded with resin, or that the support is not influencing the ground in the area where the 
deformation measurement has been taken.  Awareness of the limits of this type of support provides 
the ability to better assess the performance of resin anchored rebar in the field and the surrounding 
ground conditions.   
6.2 Recommendations for Future Work 
During the course of this research project, many questions were raised which require further testing 
to answer.  Future testing on resin anchored rebar could include more sizes of rebar, additional 
hole diameters, more testing in halite, shear strength testing on resin anchored rebar in potash, and 
testing using instrumented rebar to more accurately determine in-situ loads from deformations in 
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the field.  Potash mines use resin anchored rebar to maintain the integrity of long term openings; 
future testing could improve the safety of installations using resin anchored rebar support.   
Future testing should be conducted where rebar and hole size are further varied.  This could 
determine whether the results in this research, which suggest that average bond strength is 
proportional to hole size, is true for a greater range of rebar and hole sizes.  Testing should also be 
conducted to determine the effect of anchoring the rebar into layers of halite.  A larger sample size 
of twenty or more rebar, employing the testing methods developed for this research project, could 
provide an indication of differences in the average bond strength between rebar bonded in halite 
and potash.   
Further testing is also needed to determine the shear strength of resin anchored rebar.  Conservative 
factors of safety have worked well in the industry, but due to the importance of the support 
provided by resin anchored rebar under shearing loads, further research is advised.  Equipping 
resin anchored rebar with instrumentation could determine the in-situ load distribution when axial 
and/or shear loads are applied to the support.  Instrumentation which has this capability is currently 
being developed (Hyett, 2013).  This could improve the accuracy and reduce the limitations of the 
equation developed as a part of this research which estimates load on in-situ resin anchored rebar.   
This research is an initial step towards giving the mine engineer the tools to understand the limiting 
factors of the average bond strength capacity and relate measured field deformation to the load on 
installations using resin anchored rebar support in potash mines.   
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Appendices 
 
The appendix contains the following sections:  
 A: Raw Data from Laboratory Tests on Rebar Specimens 
 B: Raw Data from Laboratory Tests for Rock Properties 
 C: Resin Volume Calculations 
 D: Pull Test Process and Data Reduction Process 
 E: Raw Data from Field Testing 
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A. Raw Data from Laboratory Testing on Rebar Specimens 
This portion of the appendices provides the raw data from the laboratory testing conducted on both 
rebar and rock samples.  
Rebar Property Test Raw Data:  
Table A.1 shows the results from each of the ten rebar samples.   
Table A.1 Rebar Property Testing Raw Data 
Nominal Rebar 
Diameter (mm) 
Ultimate Strength    
(MPa) 
Yield Strength       
(MPa) 
Young’s Modulus 
(GPa) 
16 565 475 133 
16 560 470 195 
16 565 475 161 
16 565 480 210 
16 570 490 196 
16 mm Average: 565 480 179 
Standard Deviation: 4.00 7.50 31.4 
25 606 393 173 
25 606 391 176 
25 609 393 203 
25 609 389 180 
25 630 479 175 
25 mm Average: 612 409 181 
Standard Deviation: 10.2 39.4 12.3 
 
The following figures show the load versus deformation plots used to find the load at which the 
rebar entered plastic deformation.  The magnitude of deformation includes error from the wedge 
grips allowing the rebar to slip during the test.  Also included are stress versus strain plots which 
used the data collected from the LVDT measuring strain over a 200mm gauge length.   
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Load vs Deformation and Stress vs Strain Plots: 25mm Rebar Testing (Samples 1 through 5)  
 
Figure A.1 Load versus Deformation - Test 1 (25mm Rebar) 
 
Figure A.2 Stress versus Strain - Test 1 (25mm Rebar) 
 
Figure A.3 Load versus Deformation - Test 2 (25mm Rebar) 
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Figure A.4 Stress versus Strain - Test 2 (25mm Rebar) 
 
Figure A.5 Load versus Deformation - Test 3 (25mm Rebar) 
 
Figure A.6 Stress versus Strain - Test 3 (25mm Rebar) 
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Figure A.7 Load versus Deformation - Test 4 (25mm Rebar) 
 
Figure A.8 Stress versus Strain - Test 4 (25mm Rebar) 
 
Figure A.9 Load versus Deformation - Test 5 (25mm Rebar) 
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Figure A.10 Stress versus Strain - Test 5 (25mm Rebar)  
Calculating Maximum Elastic Strain for 25mm Rebar  
The average maximum elastic strain can be found by taking the average yield load stress and 
dividing it by the average young’s modulus found for the 25mm rebar.  This value was used to 
form the equation to approximate load on rebar given measured deformation.   
ߝ௠௔௫.௘௟௔௦௧௜௖ ൌ 	 ߪ௬௜௘௟ௗܧ௔௩௘௥௔௚௘ 
ߪ௬௜௘௟ௗ ൌ 	ܻ݈݅݁݀	ܮ݋ܽ݀௔௩௚ܣݎ݁ܽ௡௢௠௜௡௔௟ ൌ
208200	ܰ
509݉݉ଶ ൌ 409	ܯܲܽ 
ߝ௠௔௫.௘௟௔௦௧௜௖ ൌ 	 409	ܯܲܽ184600	ܯܲܽ ൌ 0.00222 ൌ 0.22% 
Load vs. Deformation and Stress vs. Strain Plots: 16mm Rebar Testing (Samples 6 through 10)  
 
Figure A.11 Load versus Deformation - Test 6 (16mm Rebar) 
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Figure A.12 Stress versus Strain - Test 6 (16mm Rebar) 
 
Figure A.13 Load versus Deformation - Test 7 (16mm Rebar) 
 
Figure A.14 Stress versus Strain - Test 7 (16mm Rebar) 
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Figure A.15 Load versus Deformation - Test 8 (16mm Rebar) 
 
Figure A.16 Stress versus Strain - Test 8 (16mm Rebar) 
 
Figure A.17 Load versus Deformation - Test 9 (16mm Rebar) 
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Figure A.18 Stress versus Strain - Test 9 (16mm Rebar) 
 
Figure A.19 Load versus Deformation - Test 10 (16mm Rebar) 
 
Figure A.20 Stress Versus Strain - Test 10 (16mm Rebar) 
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B. Raw Data from Laboratory Tests for Rock Properties 
This appendix includes the raw data collected from each of the laboratory tests completed on core 
samples taken from the Allan mine.  UCS, tensile strength, and shear strength test results are listed 
in the following tables and figures.   
UCS Testing Results 
Included in the following are the tabulated results for each UCS test conducted.  Tables B.1 and 
B.2 show the raw data from the potash and halite tests respectively.   The following figures show 
stress versus strain plots from both potash and halite core taken from the Allan mine.  Strain is 
shown in terms of axial, lateral, and volumetric on each plot.   
Potash UCS Data  
 
Table B.1 Raw Data from Potash UCS Tests 
Sample 
No. 
Length 
(mm) 
Diameter 
(mm) 
Density 
(g/cc) 
UCS  
(MPa) 
Young’s 
Modulus 
(GPa) 
Poisson’s 
Ratio 
P8 176.55 70.37 2.12 27.6 2.9 0.24 
P11 171.78 70.75 2.10 24.2 2.8 0.27 
P13A 159.3 70.91 2.11 27.6 3.0 0.25 
P13B 159.05 70.77 2.08 23.2 3.4 0.27 
P32 171.44 70.71 2.12 24.1 3.1 0.3 
P33A 174.29 70.48 2.13 29.0 2.6 0.32 
P33B 169.92 70.54 2.08 22.4 3.4 0.36 
P37 171.77 70.35 2.12 23.7 1.9 0.27 
P38A 174.26 70.69 2.11 28.4 2.5 0.33 
P38B 169.42 70.07 2.09 24.0 2.6 0.35 
Average: 169.78 70.56 2.11 25.4 2.8 0.30 
 Standard Deviation: 2.44 0.45 0.04 
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Figure B.1 Potash Sample "P8" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.2 Potash Sample "P11" Stress vs. Strain Plot from UCS Test 
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Figure B.3 Potash Sample "P13A" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.4 Potash Sample "P13B" Stress vs. Strain Plot from UCS Test 
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Figure B.5 Potash Sample "P32" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.6 Potash Sample "P33A" Stress vs. Strain Plot from UCS Test 
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Figure B.7 Potash Sample "P33B" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.8 Potash Sample "P37" Stress vs. Strain Plot from UCS Test 
0
5
10
15
20
25
30
‐40000 ‐30000 ‐20000 ‐10000 0 10000 20000 30000
Ax
ia
l St
re
ss
 (M
Pa
)
Strain (µε)
P33B‐UCS ‐ Axial Stress vs. Strain
Axial Strain
Lateral Strain
Volumetric Strain
Peak Strength = 22.4 MPa
Young's Modulus = 3.4 GPa
Poisson's Ratio = 0.36
0
5
10
15
20
25
30
‐40000 ‐30000 ‐20000 ‐10000 0 10000 20000 30000
Ax
ia
l St
re
ss
 (M
Pa
)
Strain (µε)
P37‐UCS ‐ Axial Stress vs. Strain
Axial Strain
Lateral Strain
Volumetric Strain
Peak Strength = 23.7 MPa
Young's Modulus = 1.9 GPa
Poisson's Ratio = 0.27
  
 
124 
  
 
Figure B.9 Potash Sample "P38A" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.10 Potash Sample "P38B" Stress vs. Strain from UCS Test 
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Halite UCS Data 
Table B.2 Raw Data from Halite UCS Tests 
Sample 
No. 
Length 
(mm) 
Diameter 
(mm) 
Density 
(g/cc) 
UCS  
(MPa) 
Young’s 
Modulus 
(GPa) 
Poisson’s 
Ratio 
S2A 156.94 69.88 2.17 21.1 5.6 0.28 
S15 160.89 69.93 2.15 23.1 7.1 0.27 
S2B 162.62 69.89 2.14 19.3 6.7 - 
S4B 154.88 69.67 2.12 22.1 7.3 0.29 
S4A 159.42 69.83 2.20 21.5 4.4 0.24 
S3 145.75 68.92 2.19 20.2 7.2 0.25 
S35 167.68 69.08 2.14 19.2 4.9 0.26 
S4C 156.73 69.88 2.17 20.9 8.6 0.39 
S6A 173.29 70.27 2.19 24.5 6.5 0.3 
S6B 167.68 69.73 2.16 24.7 4.2 0.26 
Average: 160.59 69.71 2.16 21.7 6.3 0.28 
 Standard Deviation: 1.95 1.43 0.04 
 
 
Figure B.11 Halite Sample "S15" Stress vs. Stain Plot from UCS Test 
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Figure B.12 Halite Sample "S35" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.13 Halite Sample "S2A" Stress vs. Strain Plot from UCS Test 
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Figure B.14 Halite Sample "S2B" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.15 Halite Sample "S3" Stress vs. Strain Plot from UCS Test 
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Figure B.16 Halite Sample "S4A" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.17 Halite Sample "S4B" Stress vs. Strain Plot from UCS Test 
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Figure B.18 Halite Sample "S4C" Stress vs. Strain Plot from UCS Test 
 
 
Figure B.19 Halite Sample "6A" Stress vs. Strain Plot from UCS Test 
0
5
10
15
20
25
30
-40000 -30000 -20000 -10000 0 10000 20000 30000
Ax
ia
l S
tr
es
s 
(M
Pa
)
Strain (µε)
S4C-UCS - Axial Stress vs. Strain
Axial Strain
Lateral Strain
Volumetric Strain
Peak Strength = 20.9 MPa
Young's Modulus = 8.6 GPa
Poisson's Ratio = 0.39
0
5
10
15
20
25
30
‐40000 ‐30000 ‐20000 ‐10000 0 10000 20000 30000
Ax
ia
l St
re
ss
 (M
Pa
)
Strain (µε)
S6A‐UCS ‐ Axial Stress vs. Strain
Axial Strain
Lateral Strain
Volumetric Strain
Peak Strength = 24.5 MPa
Young's Modulus = 6.5 GPa
Poisson's Ratio = 0.30
  
 
130 
  
 
Figure B.20 Halite Sample "S6B" Stress vs. Strain Plot from UCS Test 
Tensile Strength Raw Data 
Tables B.3 and B.4 show the tensile strength data collected for the potash and halite samples 
respectively.   
Table B.3 Raw Data from Tensile Strength Tests on Potash 
Sample No. Length       
(mm) 
Diameter    
(mm) 
Splitting Tensile 
Strength (MPa) 
P36BrA 45.91 71.37 2.06 
P36BrB 46.02 71.27 1.66 
P36BrC 47.09 70.69 1.85 
P36BrD 46.32 70.27 1.87 
P36BrE 46.73 70.74 1.57 
P31BrA 41.55 70.51 1.64 
P31BrB 45.23 70.84 1.60 
P31BrC 46.57 70.68 1.49 
P33Br 43.43 70.52 1.93 
P37Br 42.41 70.78 1.80 
Average: 45.13 70.77 1.75 
 Standard Deviation: 0.18 
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Table B.4 Raw Data from Tensile Strength Tests on Halite 
Sample No. Length       
(mm) 
Diameter    
(mm) 
Splitting Tensile 
Strength (MPa) 
S15BrA 42.18 70.35 1.78 
S15BrB 40.27 70.44 1.56 
S65BrA 45.51 70.67 1.44 
S65BrB 45.13 70.53 1.71 
S45BrA 45.93 70.79 1.70 
S45BrB 43.33 70.86 1.77 
S5BrA 45.77 70.03 2.05 
S5BrB 44.26 70.19 1.53 
S5BrC 41.78 70.95 1.53 
S5BrD 47.14 71.17 2.24 
Average: 44.13 70.60 1.73 
 Standard Deviation: 0.25 
 
Shear Strength Raw Data 
Tables B.5 and B.6 show the raw data collected from the shear strength tests completed on potash 
and halite samples respectively.   
Table B.5 Raw Data from Shear Strength Tests on Potash 
Sample No. Length       
(mm) 
Diameter    
(mm) 
Shear Strength 
(MPa) 
P15 184.49 70.25 4.37 
P7A 175.64 70.44 9.73 
P7B 181.06 70.54 4.65 
P8 175.25 70.61 6.98 
P9 177.57 70.86 6.34 
P10A 179.14 70.35 6.95 
P10B 180.31 70.19 7.38 
P12 181.73 70.42 8.50 
P14A 177.61 70.28 5.58 
P14B 184.25 70.39 9.39 
Average: 179.71 70.43 6.99 
 Standard Deviation: 1.84 
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Table B.6 Raw Data from Shear Strength Tests on Halite 
Sample No. Length       
(mm) 
Diameter    
(mm) 
Shear Strength 
(MPa) 
S55 172.51 70.49 9.78 
S1A 171.27 69.82 9.37 
S1B 181.12 70.42 8.13 
S3 177.91 70.52 10.36 
S25A 175.76 69.97 6.49 
S25B 181.07 69.87 6.64 
S15 172.75 69.94 7.18 
S45B 176.85 70.63 8.30 
S45A 188.97 69.87 8.48 
S65 186.75 69.43 11.36 
Average: 178.50 70.10 8.61 
 Standard Deviation: 1.61 
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C. Resin Volume Calculations 
This appendix contains the calculations involving the position of resin in the hole after installation.  
These calculations were to ensure the desired bond length was achieved given the volume of resin 
and size of resin dam used.  Calculations are shown to determine the volume of resin which would 
become ineffective in the case of over drilling the length of a hole.  Each bond length used in 
testing has an associated calculation to show the size of resin dam which was required.    
General numbers used in the calculations involve the following:  
For 25 (25.4) mm diameter rebar; a hole diameter of 36.5 mm is used.  
25 mm rebar required a 28 mm diameter resin cartridges, 305 (304.8) mm in length. 
For 16 (15.875) mm diameter rebar; a hole diameter of 28.5 mm is used.  
16 mm rebar required 25 mm diameter resin cartridges, 305 (304.8) mm in length 
Resin dam diameter varied in the field but for calculations with 25 mm rebar, a 33mm diameter 
dam is assumed.  For the 16 mm rebar, a 22.5mm diameter dam is used.  
% Resin Lost if Holes are Over-Drilled: 
Typically, holes can be over-drilled due to operator error during the installation.  This is a major 
concern when using small amounts of resin such as in the pull tests done during this project.   
For example: if 1 resin cartridge is used (as in testing done by Smith (2008)) and the hole is over-
drilled by only 2.5cm (1”), the resin lost is:  
   	
௖ܸ௔௥௧௥௜ௗ௚௘ ൌ ߨ14݉݉ଶ ∗ ሺ305mmሻ ൌ 	187681.26	mmଷ 
  	
௅ܸ௢௦௧ ൌ ߨ18.25݉݉ଶ ∗ ሺ25.4mmሻ ൌ 	26577.2	mmଷ 
%ܴ݁ݏ݅݊௅௢௦௧ ൌ 26577.2187681.26 ൌ 	14.2% 
 
25 mm Diameter Rebar Tests: 
Resin volume per 28mm diameter, 305mm long cartridge:  
௖ܸ௔௥௧௥௜ௗ௚௘ ൌ ߨ14݉݉ଶ ∗ ሺ304.8mmሻ ൌ 	187681.26	mmଷ 
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Two cartridges being used:  
ோܸ௘௦௜௡ ൌ 2 ∗ 187681.26 ൌ 	375362.52	mmଷ 
Void space available to be filled with resin: 
Every hole will have 50.8mm of empty space at the top (standard installation procedure) 
௧ܸ௢௣	௢௙	௛௢௟௘ ൌ ߨ18.25݉݉ଶ ∗ ሺ50.8mmሻ ൌ 	53154.41	mmଷ 
Depending on bond length, each bolt will have a certain amount of annular space between the hole 
wall and the rebar:  
For 0.46m Bond Length:  
଴ܸ.ସ଺௠	஺௡௡௨௟௔௥ ൌ ߨሺ18.25ଶ െ 12.7ଶሻ݉݉ଶ ∗ ሺ457.2mmሻ ൌ 	246723.05	mmଷ 
For 0.51m Bond Length: 
଴ܸ.ହଵ௠	஺௡௡௨௟௔௥ ൌ ߨሺ18.25ଶ െ 12.7ଶሻ݉݉ଶ ∗ ሺ508mmሻ ൌ 	274136.73	mmଷ 
For 0.56m Bond Length:  
଴ܸ.ହ଺௠	஺௡௡௨௟௔௥ ൌ ߨሺ18.25ଶ െ 12.7ଶሻ݉݉ଶ ∗ ሺ558.8mmሻ ൌ 	301550.40	mmଷ 
For 0.23m Bond Length:  
଴ܸ.ଶଷ௠	஺௡௡௨௟௔௥ ൌ ߨሺ18.25ଶ െ 12.7ଶሻ݉݉ଶ ∗ ሺ228.6mmሻ ൌ 	123361.53	mmଷ 
Therefore, the resin dam would have to have the capacity to block the leftover resin from coming 
into contact with the rebar.  This volume of left over resin is calculated for each bond length test 
by:  
௅ܸ௘௙௧	ை௩௘௥ ൌ ோܸ௘௦௜௡ െ	ሺ ௧ܸ௢௣	௢௙	௛௢௟௘ ൅ ௑ܸ௑௠	஺௡௡௨௟௔௥ሻ 
The minimum length of the 33mm diameter resin dams was then be calculated using:  
ܮெ௜௡௜௠௨௠ ൌ ௅ܸ௘௙௧	ை௩௘௥/	ߨሺ18.25݉݉ଶ െ 16.5݉݉ଶሻ 
 
16 mm Diameter Rebar Tests: 
Resin volume per 25 mm diameter, 305mm long cartridge:  
௖ܸ௔௥௧௥௜ௗ௚௘ ൌ ߨ12.5݉݉ଶ ∗ ሺ304.8mmሻ ൌ 	149618.35	mmଷ 
Void space available to be filled with Resin: 
Every hole will have 50.8mm of empty space at the top (standard installation procedure) 
௧ܸ௢௣	௢௙	௛௢௟௘ ൌ ߨ14.25݉݉ଶ ∗ ሺ50.8mmሻ ൌ 	32407.33	mmଷ 
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Depending on bond length, each bolt will have a certain amount of annular space between the hole 
walls and the rebar:  
For 0.18m Bond Length:  
଴ܸ.ଵ଼௠	஺௡௡௨௟௔௥ ൌ ߨሺ14.25ଶ െ 7.9375ଶሻ݉݉ଶ ∗ ሺ177.8mmሻ ൌ 	78233.25	mmଷ 
Therefore, the resin dam would have to have the capacity to block the leftover resin from coming 
into contact with the rebar.  This volume of left over resin is calculated for each bond length test 
by:  
௅ܸ௘௙௧	ை௩௘௥ ൌ ோܸ௘௦௜௡ െ	ሺ ௧ܸ௢௣	௢௙	௛௢௟௘ ൅ ௑ܸ௑௠	஺௡௡௨௟௔௥ሻ 
The minimum length of the 22.5mm diameter resin dams could then be calculated using:  
ܮெ௜௡௜௠௨௠ ൌ ௅ܸ௘௙௧	ை௩௘௥/	ߨሺ14.25݉݉ଶ െ 11.25݉݉ଶሻ 
For example: the resin dams used for these 10 tests had to be a minimum of 162mm (6.4”) long – 
therefore, a 200mm (8”) dam would be used to account for some error in the field.  
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D. Pull Test Process and Data Reduction Process 
This appendix serves as a basic guide for any future testing using similar techniques as outlined in 
this thesis.  An outline of the process using the method described in Section 5 is described in bullet 
form.  Steps followed in the data reduction process, described in Section 5.2, are listed in the 
following as well.  
Pull Testing in the Field: 
The basic steps for conducting the pull test used in this research project are as follows:  
 Assembled rebar samples (pull collar, plate, resin dam) and labelled. 
 Acquired resin cartridges which had been stored for no more than 2 months 
underground. 
 Operations installed samples as per standards at Allan mine.  Engineering 
supervised installations to observe improper installation techniques (hole length 
drilled, spin times, hold times, crooked installation, etc.). 
 At least one day prior to planned pull testing, rebar heads were cleaned with a wire 
brush and degreasing agent in order to attach string lines. 
o Attach string lines only to rebar planned to be tested, string line hanging 
from rebar for long periods of time when used will be subject to damage. 
o Figure D.1 shows the method of attaching the string line.  Line was circled 
onto electrical tape, covered in general use epoxy, and glued to rebar head. 
 
Figure D.1 Attaching String Line with Electrical Tape 
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 String line was run down the centre of pull testing apparatus so it was free to move 
downward and measure the deformation at the loaded end of the rebar. 
 The string line can be attached to a small plumb bob in order to position the string 
potentiometer directly below the rebar head and ensure a vertical string line.  A 
level on the tripod can be used to ensure the instrument sits on a level surface.  
 A minimum of two people are required to conduct a pull test.  One person to apply 
load manually and one to read the multi-metre readings and record both load and 
voltage during the test.  Depending on the size of apparatus, two people are often 
needed to connect the apparatus to the rebar samples safely.  
 Seating effects such as initial slack in system, tilt of the apparatus can affect results 
at low loads. 
o Excessive deformation recorded early on when load is not being applied can 
indicate that the string line did not adhere to the rebar head. Discontinue the 
test and reattach a new string line for testing later, if possible.  
o Excessive tilt of the apparatus typically resulted in the apparatus coming 
into contact with the string line due to the angle of the apparatus away from 
vertical.  If the line is not free to be pulled into the instrument under the 
spring loaded tension, readings are not accurate. 
o Excessive tilt also results in the apparatus applying a torque to the rebar 
head more than it is applying a tensile load along the length of the rebar. 
 Deformation readings (voltage readings) were taken once load had been applied 
followed by a 15 second pause.  This pause allows testers to observe whether load 
is bleeding off or if deformation is continuing to occur without further load being 
applied.   
 Once load begins to bleed off or deformation begins to continuously occur, it is 
likely sliding has initiated. 
o To track the slip of the rebar past the point of adhesion loss, load and 
deformation were recorded at the beginning and end of the 15 second wait 
period.  This captured the downward movement of rebar while load was 
decreasing.  A technique similar to this could be used to assess the frictional 
capacity of the sliding rebar once adhesion loss occurs.  
 Load and deformation readings were taken after sliding appeared to have initiated.  
If possible, readings were taken until at least the yield strength of the rebar had been 
exceeded.  
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Data Reduction Steps 
The process used for extracting an initial sliding load from each field test is summarized in the list 
below.  
 Plot load versus incremental deformation, along with the load versus cumulative 
displacement. 
 Observe the initial near-linear trend in the incremental deformation plot. 
 Observe whether near-linear trend values fall within the expected ranges given the 
size of rebar being tested (0 to 0.53 mm/tonne for 25 mm sized rebar or 0 to 
1.35 mm/tonne for 16 mm sized rebar). 
 The initial sliding load can be determined from observing the load at which the 
incremental deformation plot displays a clear departure from the near-linear trend. 
 Data which does not display an initial near-linear trend, and/or does not have a plot 
displaying a clear departure from the near linear range is indeterminate data.  
 Incremental deformation data which falls outside the acceptable range is not 
interpretable and not used to calculate average values. 
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E. Raw Data from Field Testing 
This appendix includes the tabulated raw data for each pull test conducted in the field.  Plots of 
load versus both incremental and cumulative deformation are also included.  Data is grouped by 
the testing site.   
Initial Pull Test Data 
Table E.1 shows the data collected during the initial testing phase.  The following figures show 
the load versus deformation plots from each test in the initial phase.  
Table E.1 Initial Pull Test Data 
Test 
No. 
Bond 
Length (m) 
Cure Time 
(days) 
Initial 
Sliding Load 
(tonnes) 
Bond 
Strength  
(Linear) 
(tonnes/m) 
Resin-
Rebar Bond 
Strength 
(MPa) 
Resin-Rock 
Bond 
Strength 
(MPa) 
1 0.61 2.0 20.4 33.5 4.3 2.9 
2 0.61 2.0 20.4 33.5 4.3 2.9 
3 0.61 2.0 20.4 33.5 4.3 2.9 
4 0.61 2.0 20.4 33.5 4.3 2.9 
5 0.61 2.0 19.5 32.0 4.1 2.7 
6 0.56 8.0 17.8 31.9 4.1 2.8 
7 0.56 8.0 18.1 32.4 4.1 2.8 
8 0.56 8.0 16.3 29.1 3.7 2.5 
9 0.56 Rebar/Back crooked, unable to test  
10 0.56 8.0 16.3 29.2 3.7 2.5 
11 0.51 2.0 18.1 35.6 4.5 3.0 
12 0.51 1.6 18.5 36.4 4.6 3.1 
13 0.51 2.1 16.3 32.1 4.1 2.7 
14 0.51 3.9 16.8 33.0 4.2 2.8 
15 0.51 Rebar/Back crooked, unable to test  
16 0.46 6.9 14.5 31.7 4.0 2.7 
17 0.46 6.9 Indeterminate 
18 0.46 7.0 18.1 39.6 5.1 3.4 
19 0.46 7.0 Indeterminate 
20 0.46 Rebar damaged before testing  
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Figure E.1 Pull Test Load vs. Deformation Test 1  
 
Figure E.2 Pull Test Load vs. Deformation Test 2 
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Figure E.3 Pull Test Load vs. Deformation Test 3 
 
Figure E.4 Pull Test Load vs. Deformation Test 4 
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Figure E.5 Pull Test Load vs. Deformation Test 5 
 
Figure E.6 Pull Test Load vs. Deformation Test 6 
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Figure E.7 Pull Test Load vs. Deformation Test 7 
 
Figure E.8 Pull Test Load vs. Deformation Test 8 
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Figure E.9 Pull Test Load vs. Deformation Test 9 
 
Figure E.10 Pull Test Load vs. Deformation Test 11 
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Figure E.11 Pull Test Load vs. Deformation Test 12 
 
Figure E.12 Pull Test Load vs. Deformation Test 13 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
5
10
15
20
25
0 2 4 6 8 10 12 14
Incremental Deformation (mm/tonne)
L
oa
d 
(t
on
ne
s)
Cumulative Deformation (mm)
Test 12
Cumulative
Incremental
Near Linear 
Trend
Initial Sliding 
Load
Acceptable
Incremental 
Deformation 
Range
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
5
10
15
20
25
0 2 4 6 8 10 12 14
Incremental Deformation (mm/tonne)
L
oa
d 
(t
on
ne
s)
Cumulative Deformation (mm)
Test 13
Cumulative
Incremental
Near Linear 
Trend
Initial Sliding 
Load
Acceptable
Incremental 
Deformation 
Range
  
 
146 
  
 
Figure E.13 Pull Test Load vs. Deformation Test 14 
 
Figure E.14 Pull Test Load vs. Deformation Test 16 
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Figure E.15 Pull Test Load vs. Deformation Test 17 
 
Figure E.16 Pull Test Load vs. Deformation Test 18 
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Figure E.17 Pull Test Load vs. Deformation Test 19 
“Borer 6” Testing Site Data (Active Mining Area on Potash Horizon) 
Table E.2 shows the data collected from the rebar installed at the “Borer 6” testing site.  The 
following figures show the load versus deformation plots for each test conducted.   
Table E.2 "Borer 6” Site Data 
Test No. Cure Time 
(days) 
Initial Sliding 
Load  
(tonnes) 
Bond 
Strength 
(Linear) 
(tonnes/m) 
Resin-Rebar 
Bond 
Strength 
(MPa) 
Resin-Rock 
Bond 
Strength 
(MPa) 
21 124.8  Installed Improperly: Over spun resin  
22 124.9 16.8 33.0 4.2 2.8 
23 126.8 20.0 39.4 5.0 3.4 
24 126.8 21.0 41.3 5.3 3.5 
25 126.7 20.5 40.4 5.2 3.5 
26  Rebar/Back crooked, unable to test  
27 126.4 16.0 31.5 4.0 2.7 
28 160.7 19.0 37.4 4.8 3.2 
29 258.7  Indeterminate 
30 160.8 19.0 37.4 4.8 3.2 
31 160.8 21.0 41.3 5.3 3.5 
32 258.7 19.0 37.4 4.8 3.2 
33 258.8  Installed Improperly: Hole length over drilled 
34 318.7 18.3 36.0 4.6 3.1 
35 318.7 21.0 41.3 5.3 3.5 
36 Rebar/Back crooked, unable to test  
37 318.7  Indeterminate 
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38 318.7 19.0 37.4 4.8 3.2 
39 318.7  Indeterminate 
40 318.8 Installed Improperly: Hole length over drilled 
41 313.1 19.8 38.9 5.0 3.3 
42 313.1  Indeterminate 
43 Rebar Damaged Before Testing 
44 Rebar Damaged Before Testing 
45 271.0 20.0 39.4 5.0 3.4 
46 270.9 17.8 34.9 4.5 3.0 
47 Rebar/Back crooked, unable to test 
48 275.1 13.0 25.6 3.3 2.2 
49 274.9 Installed Improperly: Over spun resin 
50 275.0 Installed Improperly: Hole length over drilled 
51 274.9 19.5 38.4 4.9 3.3 
52 274.9 21.8 42.8 5.5 3.7 
53 315.8 20.0 39.4 5.0 3.4 
54 315.8 20.8 40.9 5.2 3.5 
55 315.9 19.5 38.4 4.9 3.3 
56 315.9 18.0 35.4 4.5 3.0 
57 315.9 20.0 39.4 5.0 3.4 
58 315.9 19.8 38.9 5.0 3.3 
59 Rebar Damaged Before Testing 
60 315.9 19.0 37.4 4.8 3.2 
 
 
Figure E.18 Pull Test Load vs. Deformation Test 21 
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Figure E.19 Pull Test Load vs. Deformation Test 22 
 
Figure E.20 Pull Test Load vs. Deformation Test 23 
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Figure E.21 Pull Test Load vs. Deformation Test 24 
 
Figure E.22 Pull Test Load vs. Deformation Test 25 
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Figure E.23 Pull Test Load vs. Deformation Test 27 
 
Figure E.24 Pull Test Load vs. Deformation Test 28 
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Figure E.25 Pull Test Load vs. Deformation Test 29 
 
Figure E.26 Pull Test Load vs. Deformation Test 30 
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Figure E.27 Pull Test Load vs. Deformation Test 31 
 
 
Figure E.28 Pull Test Load vs. Deformation Test 32 
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Figure E.29 Pull Test Load vs. Deformation Test 33 
 
Figure E.30 Pull Test Load vs. Deformation Test 34 
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Figure E.31 Pull Test Load vs. Deformation Test 35 
 
Figure E.32 Pull Test Load vs. Deformation Test 37 
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Figure E.33 Pull Test Load vs. Deformation Test 38 
 
Figure E.34 Pull Test Load vs. Deformation Test 39 
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Figure E.35 Pull Test Load vs. Deformation Test 40 
 
Figure E.36 Pull Test Load vs. Deformation Test 41 
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Figure E.37 Pull Test Load vs. Deformation Test 42 
 
Figure E.38 Pull Test Load vs. Deformation Test 45 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
5
10
15
20
25
0 2 4 6 8 10 12 14
Incremental Deformation (mm/tonne)
L
oa
d 
(t
on
ne
s)
Cumulative Deformation (mm)
Test 42
Cumulative
Incremental
Near Linear 
Trend
Initial Sliding 
Load
Acceptable
Incremental 
Deformation 
Range
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
5
10
15
20
25
0 2 4 6 8 10 12 14
Incremental Deformation (mm/tonne)
L
oa
d 
(t
on
ne
s)
Cumulative Deformation (mm)
Test 45
Cumulative
Incremental
Near Linear 
Trend
Initial Sliding 
Load
Acceptable
Incremental 
Deformation 
Range
  
 
160 
  
 
Figure E.39 Pull Test Load vs. Deformation Test 46 
 
Figure E.40 Pull Test Load vs. Deformation Test 48 
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Figure E.41 Pull Test Load vs. Deformation Test 49 
 
Figure E.42 Pull Test Load vs. Deformation Test 50 
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Figure E.43 Pull Test Load vs. Deformation Test 51 
 
Figure E.44 Pull Test Load vs. Deformation Test 52 
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Figure E.45 Pull Test Load vs. Deformation Test 53 
 
Figure E.46 Pull Test Load vs. Deformation Test 54 
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Figure E.47 Pull Test Load vs. Deformation Test 55 
 
Figure E.48 Pull Test Load vs. Deformation Test 56 
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Figure E.49 Pull Test Load vs. Deformation Test 57 
 
Figure E.50 Pull Test Load vs. Deformation Test 58 
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Figure E.51 Pull Test Load vs. Deformation Test 60 
“North 70” Testing Site Data (Non-Active Mining on Potash Horizon) 
Table E.3 shows the data collected from the “North70” testing site.  The following figures show 
the load versus deformation plots for each test.   
Table E.3 "North 70" Testing Site Data 
Test No. Cure Time 
(days) 
Initial Sliding 
Load 
 (tonnes) 
Bond 
Strength 
(Linear) 
(tonnes/m) 
Resin-Rebar 
Bond 
Strength 
(MPa) 
Resin-Rock 
Bond 
Strength 
(MPa) 
61 106.0 19.0 37.4 4.8 3.2 
62 106.0 Installed Improperly: Hole length over drilled 
63 124.9 16.3 32.1 4.1 2.7 
64 125.0 19.5 38.4 4.9 3.3 
65 57.0 18.0 35.4 4.5 3.0 
66 57.0 16.3 32.1 4.1 2.7 
67 57.0 19.0 37.4 4.8 3.2 
68 57.0 Indeterminate 
69 56.9 Indeterminate 
70 56.9 16.0 31.5 4.0 2.7 
71 11.3 19.0 37.4 4.8 3.2 
72 11.2 19.0 37.4 4.8 3.2 
73 11.2 16.3 32.1 4.1 2.7 
74 11.2 Indeterminate 
75 11.2 18.5 36.4 4.6 3.1 
76 11.2 19.5 38.4 4.9 3.3 
77 13.0 19.5 38.4 4.9 3.3 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
5
10
15
20
25
0 2 4 6 8 10 12 14
Incremental Deformation (mm/tonne)
L
oa
d 
(t
on
ne
s)
Cumulative Deformation (mm)
Test 60
Cumulative
Incremental
Near Linear 
Trend
Initial Sliding
Load
Acceptable
Incremental 
Deformation 
Range
  
 
167 
  
78 13.0 20.0 39.4 5.0 3.4 
79 13.0 19.0 37.4 4.8 3.2 
80 12.9 21.0 41.3 5.3 3.5 
 
  
Figure E.52 Pull Test Load vs. Deformation Test 61 
 
Figure E.53 Pull Test Load vs. Deformation Test 62 
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Figure E.54 Pull Test Load vs. Deformation Test 63 
 
Figure E.55 Pull Test Load vs. Deformation Test 64 
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Figure E.56 Pull Test Load vs. Deformation Test 65 
 
Figure E.57 Pull Test Load vs. Deformation Test 66 
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Figure E.58 Pull Test Load vs. Deformation Test 67 
 
Figure E.59 Pull Test Load vs. Deformation Test 68 
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Figure E.60 Pull Test Load vs. Deformation Test 69 
 
Figure E.61 Pull Test Load vs. Deformation Test 70 
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Figure E.62 Pull Test Load vs. Deformation Test 71 
 
Figure E.63 Pull Test Load vs. Deformation Test 72 
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Figure E.64 Pull Test Load vs. Deformation Test 73 
 
Figure E.65 Pull Test Load vs. Deformation Test 74 
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Figure E.66 Pull Test Load vs. Deformation Test 76 
 
Figure E.67 Pull Test Load vs. Deformation Test 77 
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Figure E.68 Pull Test Load vs. Deformation Test 78 
 
Figure E.69 Pull Test Load vs. Deformation Test 79 
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Figure E.70 Pull Test Load vs. Deformation Test 80 
“South Storage Bin” Testing Site Data (Non-Active Site on Halite Horizon) 
Table E.4 shows the data collected from the “South Storage Bin” testing site.  The following 
figures show the load versus deformation plots for each test conducted.   
Table E.4 "South Storage Bin" Testing Site Data 
Test No. Cure Time 
(days) 
Initial Sliding 
Load  
 (tonnes) 
Bond 
Strength 
(Linear) 
(tonnes/m) 
Resin-Rebar 
Bond 
Strength 
(MPa) 
Resin-Rock 
Bond 
Strength 
(MPa) 
81 26.1 13.5 26.6 3.4 2.3 
82 Hydraulic Cylinder Malfunctioned (Stopped Venting) – Test Discontinued 
83 Rebar Damaged Before Testing 
84 26.0 21.5 42.3 5.4 3.6 
85 25.9 20.5 40.4 5.2 3.5 
86 26.0 Indeterminate 
87 26.0 Indeterminate 
88 26.0 Indeterminate 
89 26.0 16.0 31.5 4.0 2.7 
90 26.0 Indeterminate 
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Figure E.71 Pull Test Load vs. Deformation Test 81 
 
Figure E.72 Pull Test Load vs. Deformation Test 82 
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Figure E.73 Pull Test Load vs. Deformation Test 84 
 
Figure E.74 Pull Test Load vs. Deformation Test 85 
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Figure E.75 Pull Test Load vs. Deformation Test 86 
 
Figure E.76 Pull Test Load vs. Deformation Test 87 
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Figure E.77 Pull Test Load vs. Deformation Test 88 
 
Figure E.78 Pull Test Load vs. Deformation Test 89 
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Figure E.79 Pull Test Load vs. Deformation Test 90 
Short Embedment Length Test Data  
Table E.5 shows the data collected from the short embedment length tests.  Since only maximum 
load was recorded in these tests, there are no plots of load versus deformation.   
Table E.5 Short Embedment Length Test Data 
Test No. Maximum Load (tonnes) Result of Test 
91 5.4 
Full Stroke of Cylinder Reached – Test 
Discontinued 
92 4.5 Rebar Pulled Out 
93 4.5 Rebar Pulled Out 
94 4.5 Rebar Pulled Out 
95 3.4 
Full Stroke of Cylinder Reached – Test 
Discontinued 
96 1.6 
Full Stroke of Cylinder Reached – Test 
Discontinued 
97 0.5 Rebar Pulled Out 
98 6.3 
Full Stroke of Cylinder Reached – Test 
Discontinued 
99 Rebar Damaged Before Testing 
100 Rebar Damaged Before Testing 
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“East305” Testing Site Data (16mm Rebar, Non-Active Site, Potash Horizon) 
Table E.6 shows the data collected from the “East305” testing site.  The following figures show 
the load versus deformation plots for each 16 mm rebar tested.   
Table E.6 "East 305" Testing Site Data 
Test No. Cure Time 
(days) 
Initial Sliding 
Load  
(tonnes) 
Bond 
Strength 
(Linear) 
(tonnes/m) 
Resin-Rebar 
Bond 
Strength 
(MPa) 
Resin-Rock 
Bond 
Strength 
(MPa) 
101 41.0 7.0 39.4 8.0 4.3 
102 41.0 4.4 24.7 5.0 2.7 
103 41.0 4.6 25.9 5.2 2.8 
104 41.0 5.2 29.2 5.9 3.2 
105 41.0 6.4 36.0 7.3 3.9 
106 45.8 5.3 29.8 6.0 3.3 
107 45.8 4.7 26.4 5.3 2.9 
108 45.8 4.2 23.6 4.8 2.6 
109 45.8 4.8 27.0 5.5 3.0 
110 45.8 4.6 25.9 5.2 2.8 
 
 
Figure E.80 Pull Test Load vs. Deformation Test 101 
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Figure E.81 Pull Test Load vs. Deformation Test 102 
 
Figure E.82 Pull Test Load vs. Deformation Test 103 
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Figure E.83 Pull Test Load vs. Deformation Test 104 
 
Figure E.84 Pull Test Load vs. Deformation Test 105 
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Figure E.85 Pull Test Load vs. Deformation Test 106 
 
Figure E.86 Pull Test Load vs. Deformation Test 107 
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Figure E.87 Pull Test Load vs. Deformation Test 108 
 
Figure E.88 Pull Test Load vs. Deformation Test 109 
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Figure E.89 Pull Test Load vs. Deformation Test 110 
 
T-Test for Proximity to Active Mining Pull Test Results 
 
To compare results from the active and non-active areas, a two sided t-test was conducted.  This 
was to determine if the means from each population were significantly different. Given that there 
are unequal sample sizes and an assumed equal variance, the following equation was used to 
determine the value of T: 
ܶ ൌ 	 ߤଵ െ ߤଵ
ඨሺ݊ଵ െ 1ሻݏ௫భଶ ൅ ሺ݊ଶ െ 1ሻݏ௫మଶ݊ଵ ൅ ݊ଶ െ 2
 
Where: 
µ = Mean of population; 
s = Variance of population; and 
n = Sample size. 
T = Calculated T value 
 
The significant T value taken from the T distribution table is as follows: 
Where degrees of freedom = n1+n2 -2 and α = 0.05; 
T0.05,58 = 2.0017 
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If the calculated T value is less than the significant Tα,k value, the null hypothesis is accepted (i.e. 
the means are not significantly different).  If the calculated T value is greater than the Tα,k value, 
the null hypothesis is rejected (i.e. the means are significantly different).   
Calculated T value: 
Values used are as listed: 
  µactive = 19 tonnes µnon-active = 18 tonnes; 
  sactive = 1.9 tonnes snon-active = 1.4 tonnes; 
  nactive = 40  nnon-active = 20 
 
     T = 0.5708 
 
Since 0.5708 < 2.0017 – the null hypothesis is accepted.  The means are not significantly 
different.   
 
 
